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NOTES ON THE ORGANIZATION OF NPhC 


The dutlea of the National Defenae Reaearch Committee 
were (1) to recommend to the Director of OSKD auitaole 
projects and reaearch programe on the Instrumentalities 
of warfare, together with contract facilities for earning 
out theae projecta and programs, and (2) to admlnlater 
the technical and aclentllle work of the contracta. Mote 
specifically, NDRC funetloned by Initiating reeo.reh 
projects on requeata from the Army or the Navy, or on 
request! from an allied government transmitted through 
the Liaison Office of 08RD, or on Ita own considered 
Initiative aa a result of th" experience of Ita members. 
Proposals prepared by the Division, Pnnel, or Committee 
for research contracts for performance of ths work In¬ 
volved In such projects were llrat reviewed by NDRC, 
and If approved, recommended to the Director of OSRD. 
Upon approval of a proposal by the Director, a contract 
permitting maximum flexibility of scientific effort wea 
arranged. The business aspects of the contract. Including 
such .natters aa materials, clearances, vouehars, patents, 
priorltlea, legal matters, and administration of patent 
matters ware handled by the Executive Secretary of 
OSRD. 

Originally NDRC administered its work through five 
divisions, each headed by one of the NDRC members. 
These were: 

Dlvleion A—Armor and Ordnance 
Division B—Bomba,Fuels,Gases,A Chemical Problems 
Division C—Communication and Transportation 
Division D—Detection, Controls, and Instrument* 
Division E—Patents and Inventions 


In a reorganisation In the fall of 1942, twenty, three 
administrative divisions, panda, or committees ware 
created, each with a ehief selected on the basis of hl» 
outstanding work in the particular field. The NDRC 
members thin became a reviewing and advisory group 
to Ihrf Director of OSRD, The Anal organisation was ae 
follows; 

Division 1—Ballistic Research 

Division t —Effects of Import and Explosion 

Division 8— Rocket Ordnance 

Division 4—Ordnance Accessorial 

Division 5—New Mlsslies 

Division 8—Sub-Surfaee Warfare 

Division 7—Fire Control 

Division 8—Explosives 

Division 9—Chemistry 

Division 10—Absoros-tr ai..i Aeroaols 

Division 11—Chimieul Engineering 

Division 12—Transportation 

Division 18—Electrical Communication 

Division 14—Radar 

Division IB—Radio Coordination 

Division 18—Optics and Camouflage 

Division 17—Physiei 

Division 18—War Metallurgy 

Division 19—Miscellaneous 

Applied Mathematics Pansl 

Applied Psychology Panel 

Committee on Propagation 

Tropleal Deterioration Administrate Committee 
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As l'VENTS of the yeari prec d<- ~ 1M0 > 
veiled more »nd more cicely the serious¬ 
ness of the world situation, many scientists In 
this country came to realize the need of or¬ 
ganizing scientific research fo -rvice in a 
national emergency. Recommendations sin 
they made to the White House were given care¬ 
ful and sympathetic attention, and as a real it 
the National Defense Research Committee 
[NDRC] was formed by Executive Order of 
the President in the summer - f 1 «» The mem¬ 
bers of NDRC, appointed b> , » Piy^rnt, 
were Instructed to supplement the work of u>e 
Army and the Navy in the development of the 
Instrumentalities of war. A year later, upon 
the establishment of the Office of Scientific 
search and Development (OSRDJ, NDRC be 
came one of ita units. , 

The Summary Technical Report of NDRC I* 
a ei’ lscientioua effort on the part of NDRC t« 
summarize and evaluate Its work and to p. e 
sent it in a useful and permanent form. . 
comprises some seventy volumes brvUek >tc 
groups corresponding to the NDRC Dlvislc-n, 
Panels, and Committees. 

The Summaiy Technical Report of each 
vision, Panel, or Committee la an integral sur 
vey of the work of that group. The first volume 
of each group's report contains a summary of 
the report, stating the problems presented and 
the philosophy of attackir 'hem, and sum¬ 
marizing the result* of th ■ n .rtr . 
ment, and training activiti-s t id- -Ukei: "e 

volumes may be "atate of the art" tre-vser 
covering subjects to which various re«w*-- 
groups have contributed information, Other* 
may contain descriptions of devices developed 
in the laboratories. A master Index of all these 
divisional, panel, and committee reports which 
together constitute the Summary Technical Re¬ 
port of NDRC Is contained In a separate vol¬ 
ume, which also Includes the Index of a micro¬ 
film record of pertinent technical laboratory 
reports and reference material. 

Some of the NDRC-aponsored resemrche* 
which had been declassified by the end of 1916 
were of sufficient popular interest that It 
found desirable to report them in the form 
monographs, such as the series on radii o/ 
Division 11 snd the monograph on sam-d - 
Inspection by the Applied Mathematics r 
Since the matenai treated In them is not dupli¬ 
cated in the Summary Technical Report of 
NDRC, the monographs are an important part 
of the story of thette aspects of NDRC reses >i. 


In contrast to the Information on radar 
which is of widespread Interest and much o£ 
which is released to the public, the research on 
subsurface warfare in largely classified and is 
of genciai inteiest to a more restricted group. 
A* i consequence, the report of Division C is 
foui d almost entirely in its Summary Tech- 
ilea: Report, which runs to over twenty vol¬ 
umes. The extent of the work of a Division can¬ 
not therefore be judged solely by the number 
of volumes devoted to It in the Summery Tech¬ 
nical Report of NDRC; account must be taken 
of the monographs and available reports 
published elsewhere. 

Of all the NDRC Divisions, few were larger 
or charted with more diverse responsibilities 
than Division IS. Under the urgent pressure 
of wartime requirements, the staff of the Di¬ 
vision developed navigation and communica¬ 
tions dev lees and syatema which not only con¬ 
tributed to the succeasfui Allied war effort, but 
will continue to be of vaiue In time of peace In 

the fields of transportation and eommuniea- 

,n*. The work of the Divlalon, under the dl- 
. oction first of C. B. Joliiffe and later of Hara- 
den Pratt, furnishes s foundation for what 
promises to be even more radical development* 
than those of the war—for one examp e, direc¬ 
tion finders which will operate at all elevationr 
and szimuth angiea. in other words, hemlspher- 

'^rhe Summary Technical Report of Division 
IS was prepared under the direction of the 
Division Chief and authorized by him for publi¬ 
cation. The report preaent* the method a and 
results of the widely varied research and de¬ 
velopment program, and, In the case of work 
with speech scrambling and decoding, it pre¬ 
sent* for th first time a comprehensive review 
of the atate of the art. The report ia also a 
notable record of the skill and integrity of the 
acientiata and engineers, who, with the coopera¬ 
tion of the Army and Navy and Division con¬ 
tractors, contributed brilliantly to the defenae 
of the nation. To ail of these we express our 
sincere appreciation. 

Van NEVA! BUSH, Director 

Office of Sriowfi/ie Reieareh and Development 

J. B. Con ant, Chairman 
National Defenae Reteorch Committie 
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N early sixty year* Ago Heinrich Hertz 
experimentally produced electromagnetic 
wave*, determined the direction of the wave*, 
and wrote. "Thu* we now have a mean* of dis- 
cernlng the direction of the electric force at 
every point,” Th - wave* were not detected out¬ 
side of hi* lecture, room, and it is unlikeiv that 
he foresaw the application of direction finding 
to navigation. Later, a* the direction finder 
art advanced, many type* of directional anten¬ 
na* were deviled, including loop*, crowed 
loop*, h paced loop*, Adcocka. and arravs. Some 
who contributed most effectively were Adcock, 
Rallantine, Barfield, Bellini, Busignle*. Dellin¬ 
ger. Dkekmann. Eckeraley, Hell. Kolater. Mar¬ 
coni. Meany, Pickard. Smith-Rose, and Tossi. 

During the fifteen year* prior to World War 
II, the art »dv»nced relatively »lowly. M<x*t 
progreu waamade In England. Equipment per¬ 
formance was reasonably *sti*factory. Grcund 
installations of direction finders were used to 
inform ships at ae* of their position*. A similar 
use of ground direction finder* was made by 
Pan American Airwayand by varioua Euro¬ 
pean air line*. Direction finders on ships at zea 
were almost univeraally used a* a navigational 
aid, and moat commercial airliners employed 
automatic direction finder* for navigation. 
Thua. by the advent of World Wa- II, direction 
finding wa* established as an important mean* 
of navigation. 

Early In World War 11, the Communications 
Division (Division 13) of the National Defense 
Rescareh Committee [NDRC] formed a Direc- 


years. tho standard text in Eng’ish wa* W te¬ 
le as Direction Find ins by R. Keen, published 
In England In 1922 and now undergoing It* 
fourth revision. Rttdio Direction Findern by 
D. S. Bond waa published in 1944. 

The present publication, for which Keith 
Henney ha* acted as general editor and ha* 
devoted much time to coordinating the materi¬ 
al. is Volume 1 of four books covering the war¬ 
time work of the Communication* Division oi 
NDRC. In this volume, there are account' of 
developments sponsored by the Direction 
Finder Committee and of the reaults obtained. 
This book h not Intended for the layman, and 
wlii be of only moderate assistance to equip¬ 
ment operator*. It is intended for scientists, 
engineers, miliu personnel, .tudents, and 
others who are Interested In radio direction 
finding. 

Radar, which combine* direction finding and 
ranging, is already extensively used for naviga¬ 
tion. To aome extent. It will replace direction 
finding. However, direction finding wlii remain 
as one of the primary navlg»tion*l methods 
and will be uaed for new function* auch aa 
locating electric storms. As the art advance*, 
development* will facilitate direction finding 
nt higher frequencies. wlii minimize errors, 
and will simplify equipment. Recent progress 
made In these directions by NDRC Is outlined 
in the following pages. 

The future holds promise of more radical 
developments, such as direction finder* which 
will operate at all elevation and azimuth angles, 
in other words, hemispherical^, with an f¬ 


ship of I-oren F. Jones of which the numbers ^ y a) | jirectior und frequencies will be 


..Buslgni-.. .. ...- 

Luck, and R. K. Potter. Later, as conauRanU 
or technical aide*, the Committee was greatly 
s.-lsted by J. <-.11 ison. E. D. Blodget, and W 
C. Lent. This Committee waa active until Sep¬ 
tember 21, 1946. with a number of Army. 
Navy, and Rritlah liaison representatives at¬ 
tending each meeting. During this period, the 
Committee issued contracts for work at Stan¬ 
ford University. California Institute of Tech¬ 
nology, Harvard University, University of New 
Mexico, Federal Telephone ?nd Radio Labora¬ 
tories. Radio Corporstion of Americs, Wilmotte 
Laboratories, J. A. Maurer, Inc., and Bell Tele¬ 
phone Laboratories. In addition, the Committee 


under confinuou: uninterrupted observation 
with some kind of panoramic presentation. 
Possibly there will be a need for direct.on 
finders with automatic tracking wherein the 
equipment will lock on and automatically fol¬ 
low a moving souree of emission. No doubt, 
there will be still other development* not now 
envisioned. 

All Ttdio communication, of course, involves 
the proper design and use of many components, 
among them antennas. Direction finding, radar, 
altimeters, and countermeasure* for jamming 
enemy radio communication require means for 


served as • coordinating agent and a clearing 
ious« for direction finder developments every¬ 
where. The art advanced rapidly. Such diverse 
subject* *< polarization error*, Ionospheric 
off eta, site error*, navigational applications, 
evaluation of fixes, and location of electric 
storm* were studied. 

Despite Its long history, direction finding has 
> the subject of remarkably few texts. For 
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imparting to and receiving from apace the re¬ 
quired radio energy. For this reason It was 
natural that certain research on the design, 
measurement, and application of antennas 
should fall to Division 13 to sponsor. Following 
the material on direction finding will be found 
summaries of the several antenna projects 
supervised by the Division. 



PREFACE 


I N summarizing the several hundred report* 
of contractors on the hundred-odd research 
projects sponsored by Division 13 of the Na¬ 
tional Defense Research Committee, TNDRC], 
the editor haa had to settle In his own mind 
how much or how little of each project report 
should be included; in other words, how far the 
boiling-down process should go. 

The editor haa an abhorrence for seeing good 
scientific or technical muterial go unpublished. 
Only by publication can the facts or methods 
developed by a few researeher* become available 
for ail researchers. On this basis, substantially 
all Division 13's program ihouid be included in 
the volumes, of which this Is one, summarizing 
the work of the Division. On the other hand, 
time moves forwaed inexorably so that It la 
quite likely that, by the day of publication, much 
of the data would already be out of date. Fur¬ 
thermore, time and human energy are always 
ecarce. On these base*, all that might he re¬ 
quired would be a paragraph or two summariz¬ 
ing the aims of the project and its accomplish- 
menta. 

A middle course was steered, a course be¬ 
tween the easiest solution of publishing prac¬ 
tically ail of each report and the more difficult 
job of really digesting the project purpose and 
results. The editor, however, deliberately chose 
to publish too much rather than too little. In 
most cases it will be unnecessary for the reader 
to search out the original source material unless 
he wishes to dig deep into the subject. In those 
cases where fundamental information was as¬ 
sembled and printed in the project report, that 
,'s, information on which future research might 
be based, the summaries have been permitted 
to take as much apace as required. 

This volume covers two aspects of Division 
13's work—that dealing with research and de¬ 
velopment In direction finding, and that on an¬ 
tennas. The work on direction finders has been 
divided broadly into two aspects, that describ¬ 
ing physical equipment, and that covering fun¬ 
damental /eseareh leading to better knowledge 
of the manner in which ground constants, mul¬ 
tiple rays, polarization by the ionosphere, and 
other factors affect the accuracy with which 


bearings can be measured. All this was necessi¬ 
tated by the fact that direction finding had gone 
into a sort of intellectual slump by the begin¬ 
ning of World War 11. Antennaa were generally 
of the ioop or the Adcock type. Errors In bear¬ 
ings were deplored but accepted. Need had not 
risen for direction finding on the higher fre¬ 
quencies which came Into such wide use during 
World War II. Above ali, new ideas, new und 
basic analytical research were needed. 

Throughout all the fundamental work on di¬ 
rection finding, the subject of errors was most 
Important, simply because direction finders of 
various typea do not give consistent nor accu¬ 
rate bearings i,i spite of the fact they can be 
erects-' with great care and constructed of pre¬ 
cision apparatus. In fact, exploration of the 
vagaries of direction finding occupied a great 
deal of the attention of the Division and Its 
researeh men and engineers, Finally, through 
the mean* of a new instrument, the ixiiarlscope, 
it was proved that many d-f troubles are due, 
not to the apparatus itself, nor to the ground on 
which it is located, nor to the operation of the 
equipment, nor to the fact that the ionosphere 
polarized radio wavea heterogenously. Many of 
the errors which would remain, even If all the 
other sourees of difficulty were removed, come 
from the fact that radiation from a transmitter 
arrives at a receiving point over multipie paths, 
and it is the many possible interrelations be¬ 
tween these multiple rays that produce direc¬ 
tion-finding aberrations. Thua It appear* that 
there is a point beyond which much greater ac¬ 
curacy In bearing determination cannot be ob¬ 
tained by refining the apparatus. 

Fundamental studie*, analytical In nature, 
are reported rather fuliy In this report. Part I, 
dealing with baalc studies In direction finding, 
includes meana of measuring ground conatants, 
and of rating d-f systems in terms of wanted-to- 
unwanted pickups; the effects of connecting 
cable* with Adcock ny*tems; a new means of 
controlling the amplification of a d-f receiver by 
means of a local transmitter; and the virtues of 
direction finding on pulse transmissions. 

Part II deals with physical equiproent snd 
system* developed under the aegis of Division 
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PREFACE 


13. Here will be found the work which led to 
the SCR-291, a single-band d-f lytten widely 
u*ed by the Air Transport Service, a workable 
Radio-Sonde, a d-f system for the region of 140 
to 600 me, portable beacon* which would lead 
a foot aoldier to his objective on the field of 
battle regardless of weather or time of day, 
and mean* for lotsting tanks by radio. Finally, 
one of the last and most elegant accomplish¬ 
ments of the Division was an electrical and elec¬ 
tronic instrument for evaluating the responses 
obtained from multiple d-f receivers so that the 
origin of signal* could be more doaely pinned 
down to a circle of small radius. 

Part 111 records early work of sferics, the use 
of radio direction finding for locating storms. 


The portion of the Division's activities deal¬ 
ing with antenna research is found in Part IV. 
Here is described the early work on determina¬ 
tion of the characteristics of antennas for air¬ 
craft and tanks by means of scaled-down 
models; the work on faired-in antennas; a com¬ 
plete survey of airborne antennas a* of early 
1943, including what was then known about 
wide-band antennas. Work on disguised anten¬ 
nas, on improvised d-f antennas for use in the 
field, and on antennas for tse in the region of 
160 tc 600 me arc also recorded here. 


Ks’th Hvmney 
E ditor 


CONFIDENTIAL 



CONTENTS 


CHAPTER PART I PAGE 

STUDIES OF 

HIGH-FREQUENCY DIRECTION FINDING 

1 BTL High-Frequency Direction-Finder Research . . S 

2 NBS High-Frequency Diiection-Findcr Research . . 22 

3 Study of Radio Pulse Propagation. 55 

4 Ultra-High-Frequency Direction-Finding Study. 59 

5 Errora in Direction Finders . . .... 100 

6 Correlation of D-F Errora with Ionosphere Meaaurementa 119 

7 Miscellaneous Direction-Finder Research.122 


PART II 

APPARATUS DESIGN 


8 U-H-F Radio-Sonde Direction Finder.127 

9 Demountable Short-Wave Direction Finder.1S6 

10 Direction Finding by Improvised Means.148 

11 Portable r adio .11880011 Beacon.160 

12 U-H-F I «ec- " Finding Antenna Study.172 

13 Locating Tanim by Radio.183 

14 U-H-F Friendly Aircraft Locator. .185 

16 Electrical Direction-Finder Evaluator ... 190 

PART III 

RADIO AND WEATHER 

16 A Study of Sferics.197 

PART IV 

ANTENNA RESEARCH 

17 Antenna Patterns for Aircraft .208 

18 Airborne Antenna Design at U-H-F and V-H-F.219 

19 Development of Faired-ln Antennas.267 

20 Miscellaneous \ntenna Research.274 

Bibllog-aDhy .. 278 

OSRD Appointees.283 

Contract Numbers. . 284 

Service Project Numbers 286 

Index.287 


CONFIDENTIAL 


























STUDIES OF HIGH-FREQUENCY DIRECTION FINDING 


D tmiNO the year* immediately preceding 
World War II only a limited amount of 
baaic reaearch waa devoid to the development 
of direction-finding [d H techniques and equip¬ 
ment. Aa in moat other branchei of scientific 
and engi nearing endeavor, the advent of tha 
war accelerated auch tvaeann Arat by t 1 
only too evident the need for It aa rela to 
ordinary peacetime application*, and second by 


bringing into important focua new uae* for d-f 
equipment. Much Information waa required on 
the use of d-f technique for uae on high radio 
frequenciea, on the cauaea of and solution* for 
certain vagaries in high-frequency direction 
Andim' on *h« correlation* between d-f mea¬ 
sures nU and the atate of the ionosphere which 
reflects back to earth radio frequenciea moat 
likely to be ured during the war. 
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Chapter J 


BTL HIGH-FREQUENCY DIRECTION FINDER RESEARCH 


RrMirrh Iodine to th* general drain requlrenwnl* 
for cu-euiar-array direction 5nder «y«trm» »nd Adcock 
aptenn**. inHading a determination of antenna qaacing 
to minimise interaelion effect*, requirement* for buried- 
eonductor a"rana*menta In bolh ayatema, de»ign of an. 
trim* element* and coupling unit* to extend the fre¬ 
quency r»nge of operation, apeelAeatkin* t<f raceiver 
for a cro**ed hurled U anUnna direction-Under •yaletn, 
•ettlng up of a complete direction-finder ay*'-ei.i u*i-* 
commercial receiver*. *nd development of a unique 
method of automatic giln control. The tail herein la 
condenaed from the contractor’* Anal roport.' 


i.i STATE OF THK ART 

A T THE time of thin project,* the moat prom- 
_ iiinir high-frequency direction flndere from 
the atandpolnt of limpliclty and eaae of opera¬ 
tion were baaed upon the Adcock principle, but 
all nuch system* were aubject at timea to serious 
error*, the main cause beinir unwanted hori¬ 
zontal pickup in the antenna ayatem. The moit 
accurate high-frequency direction finder* were 
the large fixed installations, but they were usu¬ 
ally complicated, clumsy, and »low in operation. 

The object of this project waa to make a brief 
survey of the varlou* types of high-frequency 
direction finders, to pick the most promising, to 
study the causes of the error*, and to determine, 
whenever possible, methods for reducing these 
errors. 

The conclusion wss reached that, for fixed 
installations and where speed of operation wss 
important, Adcock systems were most promts 
Ing. Accordingly, a crossed Adcock antenna 
system was designed and built. The errors in 
its receiving characteristics were studied, and 
methods were derived for their reduction. The 
final result was an Adcock antenna system with 
greatly reduced polarisation errors. A receiving 
system was designed for operation with the 
antenna. 

Project C-16. Conti »ct No. NDCrc 155. Western 
Electric Company. 


'» INTRODUCTION 

Fundamentally, operation of all radio direc¬ 
tion finders depends upon the fact that the rela¬ 
tive phases of the currents induced by a radio 
wave in two or more fixed, spaced wires vary 
as the direction of arrival of the wave varies. 
In some systems this phase different ia ma»- 
aured directly and the direction of arrival de¬ 
termined by a comparison of the measured 
phase difference with a previous calibration of 
phase difference versus direction. For conve¬ 
nience we will call this the pha*r-compari»on 
method. The Navy's CXK direction finder, for 
example, works by this method. In other sys¬ 
tems, instead of a- -'ually measuring the relative 
phases of the currents in tha various antennas, 
the latter are connected together In such s way 
that, aa a result of phase interference, different 
outputs are obtained from the antenna system 
for different directions of arrival. This will be 
called the amplitude-cvmparitm method. Direc¬ 
tion findere which use the loop antenna, the 
Adcock or any of its variations, or a sharp di¬ 
rectional array are all examples of systems of 
this type. 

For either case the determination of the di¬ 
rection of arrival from the amplitude or phase 
difference is straightforward when the signal 
arrives over a single path. Long-distance short¬ 
wave radio transmit*!rn, howsvar, 'ally talcs 
place by several I aths :' ‘ontinu *.!• varying 
lengths. Due to the In* 'erence -,.,ong the 
waves arriving over these various pa! hs, in gen¬ 
eral the field strengths will not be Identical at 
two or more spaced antennas and the phase dif¬ 
ferences wiH not be the same as for any of the 
component waves. However, If the directions 
of srrival are very nearly the aame, the field 
strengths at the various antennas will also be 
very nearly the same and the phase differences 
very nearly what would have been obtained for 
a single wave arriving ir the mean direction, 
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except for those periods when the relative phases 
of the component wave* *re such •* to produce 
* weak signal at any place within the area oc¬ 
cupied by the antenna*. At such timei the rela¬ 
tive field strengths at the varlou* antannas may 
differ greatly and the phaie difference* may dif¬ 
fer by aa much as ±180 from the correct value. 
For theae reasons accurate bearing* cannot be 
obtained during the minima of a fading signal. 

Th* closer the antenna spacing the shorter 
will be th« period when th® relative field 
strengths will differ appreciably and when the 
phase difference* will be Incorrect. When the 
direction* of arrival of the varlou* waves are 
radically different, the field strength and phase 
differenc* will vary rapidly and considerably, so 
that, In general, direction finding with almple 
antannas consisting of only a few element* be¬ 
comes lirpoas'l!" * How.-. 7 the directions 
of errlval are e.nhned to a » ; > gk vertical plane, 
the asimutt. of Ok. d'rectlon of arrival may stll 
be measured with certain type* of direction 
finder* such as the crossed Adcock, described 
later, although the periods of weak field* when 
correct bearings cannot be obtained will occur 
very frequently. 


•» PHASE-COMPARISON METHOD 

A simple form of direction finder using the 
phase-comparison method would be one consiet- 
lng of two fixed vertical antennea connected, 
through appropriate receiving end amplifying 
equipment, to a phaae-meusuring device One 
way of accomplishing this phase measurement 
ie to introduce a phese shifter, either In the 
radio- or lower-frequency branches oi one of 
the receivers. This phase shifter is then varied 
until the outputs of the two receivers cancel 
(differ by 180°). The phase difference between 
the currents in the antannas is then found by 
subtracting 180° from the phase-shifter reading. 

In Figure 1 let A and B represent two auch 
antennae and let d be the distance between 
them. If a radio wave arrives at an angle 0 
with reepect to the line AB, then the phase dif¬ 
ference 4 between the currents induced in the 

* Highly directive steerable antenna system* sueh as 
th* Muss type sre required for this type of transmission. 


two antennas will be given by the equation 

4 (degrees) co* 0 (l) 

where 

co* 0 — cos u co* * ( 2 ) 

where a and I are the horizontal and vertical 
angles of arrival respectively and a is the wave¬ 
length. 





8incc 0 ia measured from the array axis, 
equation (1) represents a cone whose asia it 
the line joining the two antennas and whose 
geneiator Is at an angle 0 with respect to this 
axis. Thua all wave directions which lie in thl* 
cone will produce current* of the same phase 
difference in the two antennas, and, In general, 
additional Information Is needed to obtain the 
azimuth of the direction of arrival or the ap¬ 
parent bearing of the station. 

This Information can be obtained from an¬ 
other pair of antannas having a different orien¬ 
tation. The measurement* obtained with this 
second pair of antannas will determine another 
cone with a different axis than the flrit. The 
lino of Intersection of theae tvo cone* will coin¬ 
cide with the actual direction of arrival of the 
weve and will, accordingly, determine not only 
the azimuth of the direction of arrival, but the 
vertical angle of arrival aa well. 

Disregarding, for the moment, the difficulties 
associated with the telling of two set* of data 
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simultaneously, a satisfactory direction finder 
might be made uainr two pair* of antennas 
arranged in two linea mutually perpendicular. 
In fact three antennaa arranged at three corners 
of a square would a rawer the purpose. 

On the other hand, if two vertical antenna* 
are mounted or. a structure which can be ro¬ 
tated about a vertical axis until the phase dif¬ 
ference between the current* in the two an¬ 
tenna* i* aero, then, if d is shorter than A the 
apparent bearing of the atation will be perpen¬ 
dicular to the line joining the antenna*. Such 
a ayatem cannot distinguish between signal* 
having bearings 180° apart. To remove this 
180° ambiguity require* the addition of a third 
antenna and greatly complicatee the receiving 
equipment. Thla is the principle of the Navy'a 
three-antenna CXK direction finder. One of the 
objections to thla direction finder I* the siae of 
the rotating structure and the resulting time 
consumed In taking a bearing. 


CliCULAI ARXAY 

A variation of the foregoing acheme which 
overcome* the disadvantage juat mentioned, at 
the expense of a alight decreese in accuracy, 
would make use of several fixed antcnn s spaced 
on the perimeter of a semicircle. These anten¬ 
na* would be uaed in pair*, *ny two adjacent 
antenna* constituting such a pair. For making 
t measurement, that pair would l*e selected 
which wa* moat nearly perpendicular t>- ♦he 
direction of arrival and which, therefoi 
give the smallest phase diffen nee. 

Figure 2 ahows such an arrangement con- 
sisting of 19 antenna*, one pair for every 10°. 
A wave is ahown arriving at a bearing of 57° 
for which pair FG would be used to obtain the 
bearing. 

The Information obtained from a tingle pair 
of antennas is not, In general, sufficient to deter¬ 
mine the apparent bearing of a station. How¬ 
ever, if each pair is used to take bearing* over 
only i small angular range approximately per¬ 
pendicular to the line joining the antennas, 
then the phase difference of the current! in the 
two antennas can be used to determine the 


apparent bearing with a reasonable degree of 
accuracy for all but very high vertical angles 
of arrival, except for an approximate 180° 
ambiguity which could be removed only by the 
use of additional equipment. For a system such 
as is shown In Figure 2, where each pair la 
uaed over a range of only 6° on each aide of 
the perpendicular, the maximum error for dif¬ 
ferent vertical angles of arrival is given by 
curve A of Figure S. Curve B gives the eirors 



for a system consisting of 10 antennas, one 
pair for every 20°. It will be observed that for 
the occaaional signal suspected of having * 
high vertical angle of arrival the error may be 
eliminated by takin .in Additional measure¬ 
ment with another lennas. preferably 

pa the axis of :ch Is perpendicular to 
of the fiist pair. If the phase-measuring 
us wee used tor making this measurement I* 
capable of operating over the full 360 n range 
thla measurement would alao give the senae of 
the signal. In Figure 2, pair OP would be used 
to oDtaln thi* additional Information. 

Aa the separation between the antenna* la in¬ 
creased. sny given value of * will correspond to 
amalier and smaller values of 0 (equation (I)]. 
Thus, for any given uncertainty in the value 
of 4, the greatest accuracy in bearing deter¬ 
mination will be obtained with the largest pos¬ 
sible value of d. However, for ayntems uaing 
only two acts of antenna* with axe* mutually 
perpendicular, the reparation must be kept to 
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l«u than half the shortest wavelength upon 
which obaervation* are to be taken. Otherwiae. 
for some value* of *, there will be morn than 
one possible value of ff. For a system of several 
antennas located on a aemicirde the separation 
msy be increased aomewhat at long *i It I* kept 
below a/ 2 tin #, where t Is the maximum angle 
on each side of the perpendicular at which 



Fioi'a* 3. Error* in aemlrireie ayatam. A *howi 
arrora wh*n aaeh antenna pair i« uaed ov»r ran** 
of only S' on tach aid* of tha parpamJScular; 
B *how* similar arrora for trn-nnlenna ayatam, on* 
pair for a very JO*. 


measurement* will be made (5" for Figure 2>. 
However, if this is done It will no lonrer be 
posaible to make check measurement* on the 
vertical angle of arrival with the in-line pair. 
For thi* reason it la recommended that the 
apaclng alwaye be kept below a/2. Then, if 
greater accuracy ia desired, after the ■approxi¬ 
mate bearing ia obtained a more widely spaced 
pair can be used to get a more accurate meas- 
urement. Thu* in Figure 2, pair NQ eouid be 
used to gut a more accurate measurement after 
a preliminary measurement Is made with pair 
OP. 


Interaction Effects 

The accuracy of all the above systems de¬ 
pends on tho accuracy with which the phase 
difference between the currents in the separate 


antennas is given uv la.ion (1). Among 
other thing* this ph*. difference L Tected 
by the interaction among the various antennas 
that make up the system. 

One of the object* of this project was the 
determination of the extent of thi* interaction 
and of thi amount of error it would introduce 
in direction flndera working by the phase-com¬ 
parison method. In thla study, use was made 
of some of the antennas of the broadside cage 
Musa syetem at the Holmdel, N. J., laboratories 
of the Bell Syatem. These were vertical cage 
entennaa 2>/ ( feet In diameter and 23Vi feet 
high. They had a half-wave resonant impedance 
of about 300 ohms at 13.15 meters and a 
quarter-wave impedance of about 35 ohms at 
36.8 meters. The broad-band characteristic of 
this typo of antenna makea it desirable for di¬ 
rection-finding systems which are to be used 
over a relatively wide frequency range. The 
low impedance meke* it a simple matter to 
connect them to the receivers by means of low 
impedance, concentric tranamiseion line*. The 
interaction will be a function of the dimensions 
of the antennas, but measurement* were made 
with antennas of only one ewe eince, In general, 
antennas used to cover the frequency range 
from 5 to 18 me would be of approximately 
the same dimensions. 

Figure 4 show* a ground plan of the antenna 
arrangement used for making these measure¬ 
ment*. The antenna at point X was used as a 
reference antenna and all phase* were meas¬ 
ured with reference to the phase of tho current 
in that antenna. Antennas 4, 5, and 6 in Figure 
4 were antennaa 4, 5, and 6 of the broadside 
Musa, They were fixed in location but could be 
easily lowered to the ground when not in use. 
These antennas as weli ae antenna X were oil 
connected to burled coaxial transmission lines 
which terminated on the antenna termination 
panel in the Musa buiiding and could, there¬ 
fore, be connected to the Musa phase measur¬ 
ing equipment. Another exactly similar cage 
antenna was carried on a trolley ausper.ded be¬ 
tween the supporting poles of antenna* 5 and 
6. It was always connected through an 80-ohm 
terminating resistance to one of several ground 
rods which had been driven Into the ground at 
approximately 6-foot Intervals between anten- 
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deb 5 snd 6. Antennas 4. 5, snd 6 were spaced 
49 feet (15 meters) apart. 

By comparing the output of antenna 5 with 
that of antenna A' while moving the traveling 
antenna between 6 and 5, with 4 and 6 lowered 
to the ground, the effect of an interacting an¬ 
tenna at distances of 6 feet to 49 feet was 
determined. By comparing the output of an¬ 
tenna 4 with that of antenna X while moving 
the traveling antenna between 6 and 5, with 
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antennaa 6 and 6 lowered to the ground, the 
effect of an interacting antenna at diatancea 
of 49 feet to 98 feet waa determined. Measure¬ 
ments were made on five different wavelengths 
and with three different oscillator poaitlona; 
one broadside to the antennas, at location A in 
Figure 4; one end-on, in the direction of the 
interacting antenna, at B, and one end-on In 
the oppoaito direction, at C. 

In Figures 5, 6, and 7, the curvea marked 
with open circles give the effect of the inter¬ 
action on the amplitude of the current in the 
fixed antenna, those marked with crosses give 
the effect on the phase of the current, and 
those marked with solid circles give the cor¬ 
responding error which the change in phase 
would introduce in the value obtained for 0. 
For wavelengths between 18 and 64 meters a 
spacing of 49 feet does not introduce any sig¬ 
nificant error. This would be a perfectly satis¬ 
factory spacing for wavelengths greater than 


30 meters but for shorter waveiengtha this 
spacing becomes greater than A/2 and wouid 
iatroduce an uncertainty in the bearings. For 
these shorter wavelengths a closer spacing is 
required, a spacing of 26 feet (8 meters) being 
satisfactory’ for wavelengths as short aa 16 
meters. The interaction for antenna* at thia 
spacing would introduce only a small error for 





FtcuaE 5. Interaction effect* between antenna*; 
oscillator at A in Figure 4. 
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Phase'Comparison Tethou roeaiBiLiTiss 

No attempt will e made to fo into the de¬ 
tail! of the equipra< that would be needed for 
a direction finder -ratine by the phass-com- 
pariaon method. If nly moderate accuracy it 
demanded a lyatem oitld be built uiln* leveral 
antennas arrange* m a semicircle, each pair 
to be used for o! ervlnf over only a limited 
range of azimuth Once the correct antenna 
pair had been eek-'ted the teking of a bearing 
could be made practically Instantaneous, but It 
might be necessriy to try ee v eral different 
pair* before the correct one wa» lelected and 
In that time the signal might be loat It i* con¬ 
ceivable that an imtantaneoua, direct-reading 
direction finder ta-sed on the phase-comparison 
principle could be deviled, but the equipment 
would necessarily have to be very complicated 
and would require considerable time to develop. 
For ther- reasona -ittention was turned to ays- 
tema working bv the amplitude-comparison 
method. 

AMPI.ITIIDF OMPAR1SON METHOD 

Direction finder- which use the balanced loop 
for a collector tern are perhape the most 
commonly known nd aimpleat form of direc¬ 
tion finder based i.pon the tunplltude-compirl- 
aon method. Wh< properly constructed, they 
work very well fo. waves which sie entirely 
vertically poisriz- d; however, If there ia any 
horizontally polm *ed component to the wave, 
currents will be Induced In the loop which will 
mask the normal “figure eight" directional 
characteristic and will p: e «.d the taking of 
accurate heerinra. Since all radio wa.» -mch 
have suffered reflection from the Ionosphere are 
more or leas randomly polarised, this auaceptl- 
billty to horizontelly polarised wavea makes the 
loop antenna practically uaolesa for long-range 
direction finding on the short wavelengths. 

Adcock Antenna 

The Adcock antenna waa designed to over¬ 
come the effect of horizontally polarized waves. 
In lta simplest fvrm an Adcock direction finder 
consist* of two spaced vertical doublets con¬ 
nected by a bala* -ed transmission line with a 


receiver connected across the trsnsmi**ion line 
at the midpoint. The conductors of ths llns to 
one of the doublets ar* reversed with respect 
to those to the other doublet. Connected In this 
way an Adcock sntanna is. In reality, a two- 
element vertical array with ths output* In 
phasa opposition. When the specinr btiween 
the doublets la small with respect to the wave¬ 
length the simple Adcock antenna has the same 
"figure eight” directional characteristic for 
vertically polarised waves as the loop. Figure 
SA shows a schematic diagram of a simple 
Adcock antenna with ita associated receiver 
•nd Figure SB gives the horizontal directional 
characteristic. 



Fiouis S. Dias ram of simple Adcock direction 

finder. 

In free space and with perfectly balanced 
transmission lines such s system would be un¬ 
affected by horizontelly polarized waves, but, 
actually, the lower halves of the doublets are 
always nearer the earth than the upper halves 
so that a perfectly balanced system can not be 
obteinod except through the use of compensat¬ 
ing networks which require critical adjustment 
and must be retuned every time the receiver 
is tuned to a new wavelength. However, with¬ 
out these compensating networks, the un 
balance Is not serious if the antenna is elevated 
to a reasonable height abeve ground Fairly 
acci/rmte bearings can be obtained (1) if the 
reet of the equipment is kept small and simple, 
(2) if care is taken to keep the horizontal 
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member* well balanced, and (3) if aii the 
vertical elements other than the doubleU are 
'iept aymmetrlcal. 

Bearings are taken hy rotating the antenna 
about a vertical ax if. until one of the null* of 
the directional characteriatic l* pointed toward* 
the direction of arrival of the signal, at which 
time the output of the receiver wiil at at a 
miaimum. The direction of arrival or apparent 
bearing of the station will then be perpendicu¬ 
lar to the line joining the antennas. The tak.'ts 
of bearing* in thi* manner consuma* an ap¬ 
preciable time, especially if the signal is weak 
or fading, when It i* necessary to mova the null 
of the directional characteriatic back and forth 
across the »ignai direction aeverai time* before 
the bearing ia certain. Thia time required for 
taking a bearing might mean that the *lgnai 
would be io»t before a bearing couid be ob¬ 
tained. For tbi* reason a quick-acting, direct- 
reading ay*tem would be desirable. 


DIEECT-READINO SYSTEM WITH ClOSBKD 
Adcock Antennas 

Figure 9A ahowa the schematic dingram of a 
direct-reading aystem ualng two mutually per¬ 
pendicular Adcock antennas. In Figure 8B the 
equation for th* output of a single Adcock was 
given as 

/ = k sin sit co* * coa «•< (#) 

where / ia the output current; 

k is a proportionality factor; 

a is ti. i angle between the azimuth of 
the direction of arrival and the per¬ 
pendicular to the line joining the two 
antennaa; 

d 1* the spacing of the antennas; 

A it the wavelength of the incoming 
signal; 

m it 2* time* the frequency of the in¬ 
coming signal; 

I is the vertical angle of arrival. 

If now we have an antenna system consist¬ 
ing of two crossed Adcock antennas, and if we 
let the axi* of one run north end south and 
that of the other run east and west, then the 
equstions for the current output of the two 
antennas are 



Fiouas ». Iiiagram linct-readirr no»•*) 
Adcock direction And' 

of arrival and ia, therefore, the apparent bear¬ 
ing of the station. If d is small with respect to 
A the equations become 

/«» = * cos a cos I cos «•/. (4') 

1 ,W - fc 2wd sin n cos * cos <6') 

A 

If these two antenna outputs are fed through 
appropriate equal-gain high-frequency ampli¬ 
fiers with equal phase shifts to the vertical and 
horizontal deflecting {dates respectively of a 

When the sparing la not small with respect to a 
wavelength, !•*.. when tin (Zirrf/A) cos * la not approxi¬ 
mately equal to (Zcrd/A) coa a, an error ia Introduced 
which la aero for thoea bearing* which are multiple! of 
45' and which rear has a maximum at the eight Inter, 
mediate directions. Accordingly it la cailsd the “octam 
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cathode-ray o*cilloacope, the *pot on the oscil¬ 
loscope will trace a line which will make an 
angle a with rcapc-ct m the vertic«l and will 
therefore* except for the I80 : uncertainty, give 


an antenna system ia amali the Interaction be¬ 
come* large, but for the crossed Adcock an¬ 
tenna* three effect* are balanced out. providing 
the axes of the two pair* are exactly perpen- 



• MB I* air** M ■»■■■* Wna « M. Tith Injection tignal. 


the bearing directly. If the phase shift* through 
the amplifier* are not equal, the spot mi the 
oscilloscope will, in general, trace an eliipae 
inatead of a line, the major axis of which will 
not give an accurate bearing. 

When the apacing between the elementa of 


dicuiar and the antenna are all squispsccd 
from the center. 

It is to be noted that the achievement of this 
instantaneous, direct reading feature has re¬ 
quired the complication of both the antenna 
ay 1 stem *nd of the receiving equipment, making 
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the problem of keeping the system balanced 
and aymmetrical much more difficult. Some ex¬ 
perimenters h*ve attempted to overcome these 
difficulties by housing the receiving and Indi¬ 
cating '•quipment in a shielded coop located at 


not perfectly conducting, and if the horizontal 
members were buried to such a depth that they 
were unaffected by the incoming waves. The 
paragraphs below contain a description of an 
antenna ayjtera of this type which was built at 



the exact center of the antenna system and 
then elevating the whole atructura above the 
ground on poles. Even for auch a syatem, care 
mu»t be taken to keep the vertical portions of 
the power leads symmetrical and the horizontal 
portions well buried in the ground. 

m CROSSED BURIED U ANTENNA SYSTEM 

If we hsd perfectly conducting ground an¬ 
other way of overcoming these difficulties 
would be to use only the upper halvas of the 
doublets, bringing them down to the ground 
level and shielding the horizontal leads by 
burying them in the ground. It would be ex¬ 
pected that such a lyatem would work satis¬ 
factorily if the ground were uniform even If 


Holmde) and givea the results of various testa 
performed upon It. 

Antenna Transformeks and Buried 
Conductor* 

A schematic diagram of the antenna system 
and of the equipment used in testing it are 
shown in Figure 10. The four vertical antennas 
were located at the corners of a square with a 
diagonal spacing of 15 feet. The square waa 
laid out so that one diagonal extended north 
and south and the other east and west. These 
four antennas consisted of box-like structures 
1 Vi feet square in cross section, extending 28 
feet above the ground and covered with copper- 
coated paper. At 1 foot above the ground level 


CONFIDENTIAL 






A.NTTWN4 SVfTEM _ 13 

apex of each inverted pyramid, all four lines 
bein' of equal length. Theae transmission lines 
ran straight down to 4 Vi feet below the aurface 
of the ground and then horirontally to the cen¬ 
ter of the ayatem where they were brought 
back up to the ground level. Here they were 
connected to the primary, or balanced, aide of 
a b*lanced-to-unbxlanced broad-band trans¬ 
former, the linea from each diagonal pair being 
connected to the aaroe transformer. Theae 
transformers were housed in the small shielded 
box at the center of the antenna aystem which 
ia visible in Figure 11. Figure 12 is a view of 
the interior with the cover removed. 

Two more concentric lines, one from the 
secondary of each transformer, ran hack down 
to 4Vi feet below the ground, then horirontally 
for about 100 feet. Here they commenced a 
gradual rise to a depth of about 1 foot at which 
depth they remained until they reached the 
apparatus building at a diatance of about 700 
feet from the antennaa where they were con¬ 
nected to the Inputs of two receivers, 


Floose 12. Concf— • 

naetad to broad-*** * 
•hfaldad bo* at can"* •* 
la removad. 


exactly as planned. After completion, check 

measurement* showed a maximum error In di- Kyjlr*’ "W" ’’’1 

rection of only 27 minutes and in apacing of Y \ Ij I !|f 

leas than inch. The half-wave resonant im- j___ 

pedance of a single unit (l.e., between the an- --- J 

tenna and ground) was about 260 ohms and . ,, rtrt ^ <mmmt 

occurred at a wavelength of about 22.2 meters. w , w t , 1MI 
The quarter-wave impedance was about 36 
ohms and occurred at about 44.4 meters. Over 

the frequency range of 6 to 16 me the output Figure 18 shows a diagonal crosa section of 
of s single pair for an end-on signal was about the antenna ayatem and illustrate! the dispoai 
9 db below that for a horizontal half-wave tion of thi tranamission lines. They were 
doublet at a height of 60 feet. buried in thia manner to provide sufficient 

The inner conductor of a 72-ohm concentric shielding to eliminate all pickup from the hori- 
transmisaion line was connected directly to the sontally polarised waves. 
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Figure 14 shows the detail* of conatruction 
of the broad-band h»ianeed to-unbalanced 
tranai'ormera, and Figure IB the frequency 
characteristic*. Detail* of the measuring tech¬ 
nique will be found in the project final report. 1 
A balance of only 20 db would five an error 
In bearing of G.7'“. For .. balance of 80 db the 
error is 1.8° and for 40 db the error la 0.?-. 



0 ,. 11 . 7 * 1 * 1 » 


Fioimi 14. Construction dotollo of balincod-to- 
unbalnncod trani former 

RECEIVING ARRANGEMENTS— 

I njiction-Sionai, System 
Figure 10 la a block diagram of the d-f ays- 
tem. In operation, the Incoming aignal beats 
with ihe aignal from the Injection oscillator to 
give a beat note somewhere between ICC and 
2,000 cycle*. The Injection-oaclllator input level 
to the two receivers i* equal at all time* while 
the incoming signal input level varies in ac¬ 
cordance with the directional pattern of the 
crossed Adcock antenna system. The receiving 
equipment measures the incoming signs! direc¬ 
tion by comparing the audio-frequency levels 
from the two receiver*. 


The audio output of the receiver connected 
tu the north-south antenna pair is connected to 
the vertical deflecting plate* of a cathode-ray 
oscilloscope and the output of the receiver con¬ 
nected to the east-west antenna pair ia con¬ 
nected to the horizontal deflecting plates Now 
it will be seen that If ths overall gains of these 
two receiver* are equal, the ratio of the audio 
outputs of the two receivers will be equal to the 
ratio of the carrier output of the two antenna 
pairs, which in turn is a function of the signal 
direction aa shown above. When these voltages 



are applied to the oscilloscope a line ia formed 
which gives the apparent bearing of the sta¬ 
tion directly. 

Gait Control by Injection Signal. The gains 
of the two receivers are kept approximately 
equal in tiie following manner. An injection 
signal is radiated from a fifth antenna located 
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ut a distance of 500 feet irora the crowed an 
tenna aystcra and on a line which biaect* nne 
of the 90° angles formed by them. This signal, 
which ia adjusted to differ in frequency by a 
few hundred cycle* from the carrier frequency 
of the signal whose direction ia being meas¬ 
ured, la used to control the gain* of the two 
receivers. Since the outputs of both antenna 
pair* are equal for the injection signal the 
gains of the two receiver* will be made equal 
providing the injection signal la much stronger 
than the carrier and providing the gain ron- 
trols track. A ratio of injection signal to car¬ 
rier signal of 2« db should be enough to Insur* 
that the carrier will have no effect on the gain 
control* and la enough to Insure that the audio 
output produced in the linear low-frequency 
detectors by the beating of the carrier with 
the injection signal ia directly proportional to 
the carrier Output of the antenna system. Ac¬ 
cordingly, the Injection signal was kept about 
26 db above the carrier level. The gain controls 
of the two receivers used for nicking prelimi¬ 
nary measurement* did not track within the 
required limits so that it was necessary to cali¬ 
brate the »yatem frequently. This wa* accom¬ 
plished by modulating the injection oscillator 
with an audio frequency and adjusting the 
gains of the two receivers until the line on the 
cathode-ray oscilloscope was in the 46° position 
which Is the condition for equal gains. Thia 
fault was eliminated in the final system de¬ 
scribed below. 

Besides furniahlng a nonfading equal-ampli¬ 
tude algnal for controlling the gain of the re¬ 
ceivers, the use of the injection oscillator 
greatly reduces the phase-shift requirements. 
Instead of equal phase shift* from antenna to 
oscilloscope, »H that is retired of the reeeivers 
when the Injection oscillator ia used, ia that 
the phase shift from the antenna to the input 
of the audio amplifier varies in the same man¬ 
ner for the two receivers over the band be¬ 
tween the carrier frequency and the injection 
oscillator frequency. The two audio amplifier* 
must have the same phase shift for the audio 
frequency u»ed, but this requirement is not 
difficult to meet. 


i.» TESTS <.'OM 1'l.KTE SYSTEM 

First tests on the antenna system ihowed 
very shallow nuiia and large errors in direc¬ 
tion. For details of these measurements see the 
final report 1 

When the possible causey fo? these errors 
were considered suspicion wa* first c**t upon 
the vertical leads running to nearby antenna*. 
Although the nearest of the*e antennas was 
over 200 feet distant, their removal and re¬ 
moval of their vertical lead* made difference* 
as great as 11 db in the depth and 8° In the 
direction of the nulla. Vertical wire* at dis¬ 
tance* of 600 feet and over had no significant 
effect In the frequency range atudled. 

A set of measurements was made with all 
possible re radiating objeeta within a radlua of 
600 feat removed. Null depths of only 36 db 
and directional error* of 12° were atill being 
obtained. 

Errecr of Ghound 

The ground at Holmdel is ordinary farm 
land conaisting of a layer of top soil 1 foot 
thick overlying several feet of aaudy clay.* The 
particular site choaen for the antenna ayatem 
was a* flat a* reasonably > ould be expected of 
moat antenna locations and, ea far as could be 
discovered by visual examination, there was no 
reason for suspecting any troublesome varln- 
tions in the ground constant*. However, sev¬ 
eral different ground mat* were tried. The first 
consisted merely of two 100-foot gaivanixed 
iron wires, one atretehed under each pair of 
antennas and grounded at each end to 6-foot 
ground rods and at the center to the outer 
grounded conductor of the coaxial transmission 
line*. Thia ground aystem made no appreciable 
effect on either the depth or direction of the 
nulls. 

Next a ground mat consisting cf two GO-foot 
strip* of 2-inch mesh wire netting 6 feet wide 
wa* laid In the form of a croaa under the an- 
tenna*. The maximum error in direction wa* 
reduced from 12° to 3.6°, although the mini¬ 
mum null depth w-»* not changed much. Further 
Improvement wss desired, ao a ground mat con¬ 
aisting of 8 radial strips of wire netting 6 feet 
wide and 150 feet long grounded at 60-foot 
Intervals wa* tried, The resuita were not ap- 
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precis b|y different so attil another mat was 
tried. This final one waa a circular mat 100 fact 
In diameter grounded at 6-foot intervale around 
the circumference and at the center. 

Except for the 18-mc measurements, the 
maximum nuii depth waa over 80 db and the 
maximum error in direction waa leaa than 2°. 
Since the antennae and transformers wera not 
designed to work at frequencies higher than 16 
me it was felt that further Improvement of the 
ground mat was not necessary. 

With the 100-fcot diameter ground mat in 
plate, test bearings were taken on the field 
oscillator placed at 16 equally spaced points on 
a circle of SOO feet radius. When the errors 
were corrected for octantal error snd for tboee 
due to the cathode-ray tube, over the frequency 
range 5 to 16 me no error greater than 2° was 
observed, while at 18 me the maximum error 
waa 8“. 

Tests on Horizontally Polarized Waves 

To teat the response of the system to hori¬ 
zontally polarized waves, a 63-foot tower waa 
erected at a distance of 200 feet in the direc¬ 
tion of the east null. The field oscillator was 
placed on top of the tower and the change in 
null depth noted when the antenna rods were 
turned from the vertical position to an angle 
of 46°, Measurements were taken on 6, 7 5, 10. 
16, and 13 me. No significant change in null 
depth was detected indicating that the amount 
of horizontal pickup was too small to affact 
the operation of the ayatem under normal op¬ 
erating conditions. 

Finaiiy, bearing measurements wera made 
on fixed transmitting stations ranging in fre¬ 
quency from 6 to 18.4 me and In distance from 
about 80 miiea to over 6,000 miles. Each bear¬ 
ing was checked by comparing it with that 
obtained on the same station with the crossed 
vertical Muas. A total of 107 bearings were 
taken. For 26 of these the vertical Muas gave 
either no bearing indication whatsoever or 
bearings differing significantly from Hie true 
bearing, indicating that either the station was 
Inside the skip zone or that the transmission 
was unsatisfactory for direction-finder opera¬ 
tion. Of the 82 remaining bearings, 29 differed 
from the true bearing by 0,6 r or less, 24 dif¬ 


fered by 0.6° to 1.0°, 12 by M° to 1.6°, and 9 
by 1.6° to 2.d° or a total of 74 of the 82 bearings 
were in siror by 2° or less. For the remaining 
8 stations the largest error was 6°. Carefully 
made repeat meaaursmenta on these 8 stations 
gave no error greater than 3°. 

»•* CONCLUSIONS 

The errors in such a phase-comparison sys¬ 
tem, employing several vertical antennas ar¬ 
ranged in a semicircle, are small unless the 
vertical angle of arrival is unusually high. Be¬ 
cause of Interaction effects, two complete acts 
of antennas are needed for the range from 6 
to 18 me if maximum accuracy is required. 
With a system using three antennas, prefer¬ 
ably arranged at three corners of a square, two 
simultaneous phase measurements are required 
to obtain a bearing. Interaction among the an¬ 
tennas influences the accuracy, although the 
interaction effects might be balanced out by the 
use of several dummy antennas. 

Difficulties involved in making an instantan¬ 
eous. direct-reading, phase -comparison system 
led to the development of an amplitude-com¬ 
parison system using a crossed, buried U an¬ 
tenna with a separate injection oscillator and 
antenna and with a cathode-ray indicating de¬ 
vice. 

Variations in the ground not detected by the 
eye causa severe distortion of the directional 
pattern of the antenna. Several ground-mat 
systems were investigated. Conservative speci¬ 
fications indicate that a mat not less than 160 
feet in diameter made of 1-inch mesh wire net¬ 
ting or its equivalent would be required. Where 
the ground has a uniformly high conductivity 
such as would be found in a asit marsh, the 
nut could be smaller. Even in a location having 
good ground conductivity, a good ground mat 
seems desirable. For details of a system suit¬ 
able for a salt-marsh iocation see the final 
report.* 

'■* RECEIVER SPECIFICATIONS 

The general receiver characteristics desired 
are (1) s frequency range of 4.6 to 30 me, (2) 
an input impedance of 72 ohms, snd (3) an 
image rejection ratio of better than 60 db at 
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20 me. An 1-f band flat over a ±2kc range 
and down 46 db ±10 kc would be satiefactory 
To operate ordinary commercial oscilloscopes 
an a-f output of 2.5 volta acroaa 100,000 ohma 
at 5 per cent modulation is required. 

Tbe loweat aignai love! that can bo received 
la determined by the equivalent input noise 
(output nolae divided by the receiver main) 
which should not be more than 5 db above the 
theoretical thermal noise or 160 db below 1 
watt for a 4,000-cycle band width. Assuming a 
minimum signal ievel 20 db above the noise 
give* a minimum signal Input level of 140 db 
below 1 watt. 

The ratio of the a-f output ievela must be the 
same aa the ratio of the incoming signal levels 
delivered by the two antenna pairs. Therefore, 
if linear low-frequency detectors are used the 
levei from the injection oscillator muet bo at 
least 20 db above the incoming signal levei. 
The effect of ths incoming signal on the auto¬ 
matic-gain-control circuits may require a 30-db 
difference in level. If we assume a 26-db differ¬ 
ence in level, the modulation impressed on the 
injection oscillator signal by the incoming sig¬ 
nal will never exceed 5 per cent If incoming 
a'gnal levels of 140 to 80 db below 1 watt are to 
be accommodated the injection oscillator level 
must be between 114 and 54 db below 1 watt 
and the receivers must be capable of handling 
theae level*. The input level range may be in¬ 
creased to 80 db by inserting 20-db attenuation 
in the antenna lines to take care of exception¬ 
ally strong aignaia 

For aucceaafui operation, the gains of the 
two receiver* mu*t be kept equal at all times- 
Thie feature practically demanda the use of 
independent and extremely “stiff" automatic 
gain controls who*c action is completely con¬ 
trolled by the Injection oscillator. These stiff 
gain controls may take the form of separate 
i f gain-control amplifiers and strongly biased 
rectifier*. 

For a bearing accuracy of V4°. the 2*ins of 
the two receivers must not differ by more than 
0.1 db, and this must hold over the entire range 
of input levels To eliminate any audio fre¬ 
quency gain controls *o that the amplitude of 
the oscilloscope trace may be used as an indi¬ 
cation of the percentage modulation (i.e., ratio 
of incoming signal to injection oscllletor level) 


the automatic gain controls ahould keep the 
output constant to within 2 db for a 60 db 
change in Input level. 

Three other factors which will affect the 
bearing accuracy are (X) noniinearity of the 
a-f circuits, (2) dissimilarities in the r-f, 1-f, 
and a-f bands, and (8) croastalk between the 
two receivers. To maintain an accuracy of *4° 
the a-f circuits ahould not depart from linearity 
by more than 0.1 db aa the amplitude Is varied, 
and the gains should be alike to within 0.1 db as 
the frequency difference between the injection 
oscillator and the signal is varied over a ±200 
cycle to 2-kc range. The crositalk from one of 
the receiver*, fed with a 5 per cent modulated 
signal, into the other with an equal unmodu¬ 
lated signal, ahould be down 50 db. 

Factor* which wiil distort tho oacilioscope 
trace are «0-cycle hum. harmonic distortion, 
and phase ahift. The hum-and-harmonic dis¬ 
tortion ahould be down 85 db in the output in 
order that the oacilioscope trace will not be 
widened by more than 2 per cent of its length. 
The phase difference between the two a-f out¬ 
puts should not exceed 1 per cent. 

If necessary, high-pas* Altera may be used 
In the a-f circuits to reduce the 80-cycle hum, 
in which c**e the a-f range might be 200 to 
2,000 cycle*. Filters cutting off above 2.000 
cycle* might be uaed to reduce nolae. Any such 
filters muet, of courae, meet the phase and 
amplitude-diatortion requirement* within the 
pass band. 

Th* receiver*, preferably, ahould have a fre¬ 
quency-calibrated dial and a tuning indicator 
to insure that the operating requirements will 
be met. Separate beating oscillators may be 
usod. provided the leakage from one boating 
oscillator into the other receiver does not result 
in a-f components stronger than 50 db below 
the output of the deaired frequency. 

>.* COMPLETE IJ-F SYSTEM 

No commercial receiver* were on the market 
which exactly met the specification* listed 
above, and previous experience with commer¬ 
cial ahort-wave receiver* showed that the ir 
modification to meet these specification* would 
not be easy. Since, however, the construction 
of two entirely new receivers would have taken 
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* relatively Ion* time. It was decided to Use. 
after modification, two short-wave measuring 
set* belonging to the Beil Telephone Labora¬ 
tories. 


Receive** Used and Changes Requiaed 
A block diagram of one of the two receiver* 
before alteration ia shown In Figure 16. They 
ara triple-detection receiver* with a first inter¬ 
mediate frequency of 3 me and a aecond intar- 
mediate frequency of 100 kc. There are no r-f 


were capable of supplying an audio output weli 
over 2.5 volt* across 100.000 ohms, but the 
overall gain of the receiver* was not sufficient 
to supply this output for the weakest ueabie 
signal which is determined by the minimum 
noise level of the receiver. By adding another 
stage to the 100-kc amplifier the overall gain 
wa* increased to the point where the required 
audio output was obtained for the weakest 
usable signal. 

The equivalent input noise was about 5 db 
above the theoretical thermal noise level. 



amplifiers or preselector circuits other than the 
antenna-tuning and coupling circuit*. The re¬ 
ceivers cover a frequency range from 4.6 me to 
well over 80 me. The image rejection ratio la 
about 40 db which is high enough for demon¬ 
stration purposes. 

The overall pass band' of the receivera was 
flat for approximately 6 kc on each side of the 
carrier, which was entirely too wide for d-f 
use. By adjusting the second 1-f filters the band 
was reduced so that it was flat for only 1 kc on 
each side of the carrier and was down 46 db 
or more 10 kc on each aide of the carrier. It 
should be noted here that the response curve* 
of the two receiver* must be exactly similar 
over the Derating range. This range Is deter¬ 
mined by the difference between the signal fre¬ 
quency and the Injection-oscillator frequency. 
If the band width ia amall and the responee 
curves sharply peaked it become* extremely 
difficult to make and keep them Identical. 

The linear rectifiers used as final detectors 


It was necessary to install separate, biased, 
gain-control rectifiers to obtain the desired 
automatic-gain-control stiffness. The result was 
an output variation of only 1.6 db for a 60-db 
change in input level. The gain controls of the 
two receiver; tracked to better than 0.1 db over 
the range of Inputs from 66 db above to 26 db 
above 10-" watt. At lower Input levels the 
noise prevents precise measurement of the 
tracking, but no appreciable difference was dis¬ 
cernible. 

The hum level of the receiver* was fairly 
high but was reduced to a astlsfactory value by- 
minor change* in the power supply leads. The 
nonlinearity in the audio circuits, the hac- 
monk distortion, and the difference in phase 
shift were all less than the required minimum. 

After the above changes were mads the two 
receivers were connected together and to the 
antenna system making the complete d-f sys¬ 
tem shown in the block diagram in Figure 17. 
The first beating oscillator from one of the re- 
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ceivens «u used ts the common bating oscil- cycle tone and adjusting the relative audio 
later for both receiver*. Tht ft rat beating os- rains of the two receiver* until the o*cillo»cope 
dilator for the other receiver wai removed and trace made a line at 46’. The 60-cycle modula- 
mounted on a separate pane! with a broad-band tlon was produced by putting a small 60-cycle 
amplifier and used as the injection oscillator, voltage on the grid of the amplifier tube In 
The Injection-signal level waa controlled by series with the grid bias. 



Flow 17. Block diagram of complete d-f *y*tem ualna trlp|e-<M«cllon measuring net. 


varying the grid bias of the amplifier tube. By Test measurement* made on the complete 
making the pass band of the ampl'fier very setup disclosed a amall amount of 3-mc cross- 
bror.d the necessity of pro' iding tuning for the talk from one receiver to the other through the 
amplifier circuits and of meeting the resulting common beating oscillator lead and a small 
tracking requirements was eliminated. amount of high-frequency crosstalk direct from 

Calibration of the syatem waa accomplished the injection oscillator to the innut circuits of 
by modulating the injection aignal with a 60- the receivers. The 3-mc crosstalk was reduced 
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below the required minimum by Inserting small 
pads In the lead* to each receiver and increas¬ 
ing the beating oscillator power by a corre¬ 
sponding amount. The high-frequency cross¬ 
talk wa» reduced by very carefully shielding 
the Injection oscillator. 

The experience gained In working with theae 
receivers showed that the greatest difficulties 
in building receivers for this type of d-f system 
are likely to be In making the two pass bands 
identical over the operating range, In keeping 
the crosstalk through the common beating oacil- 
lator lead at a low value, and In keep.ng the 
leakage from the Injaction oscillator direct to 
the receiver below the required minimum. By 
taking normal precautions all requirement! 
were met, demonstrating that the system it 
entirely practical. 


TKCHNI' AL AIR FOR THE 
ArtMY SIGNAL CORPS 

After a thorough testing, the two measuring 
sets and the necessary cathode-ray equipment 
were set up In a small building a short distance 
from the crossed buried U antenna system and 
connected to it by coaxial transmission lines 
rut king a complete d-f a.vatem. Engineers from 
the Signal Corps Laboratories then operated 
and studied this equipment to familiarize them¬ 
selves with -he principles involved. 


Receivers Used and Changer Required 

After operating this equipment for a while 
and after considering the rv.ssible sources of 
supply and the urgency of the need the Signal 
Corps engineers decided to attempt to rebuild 
two National N. C.-100 receivers for their first 
system. At first It was hoped thst this rebuild¬ 
ing would involve merely the addition of a 
separate automatic-gain-control amplifier and 
rectifier and of a lead between the two beating 
oscillators to keep them in synchronism. How¬ 
ever, before the equipment was finally made to 
function satisfactorily, it was found that 
rather extensive changes had to be made. In 
the final arrangement three recelvera were 
used, one for each of the receiving channels 


and the third to supply he beating oscillator 
and injection signals. 

Test Remit*. The final tests on these re¬ 
ceivers showed that they functioned very sati»' 
factonly except for two featurea. The image- 
rejection ratio was better than 40 db for 
frequencies between 5 and 11 me, but above 11 
me the rejection ratio dropped very fast until 
at 14 me it was only 28 db and even leas at IS 
me. The equivalent input noise of theae re¬ 
ceivers was considerably higher than the speci¬ 
fied minimum, especially on the higher fre¬ 
quencies, making it difficult to obtain accurate 
bearings on weak stations. It is suspected that 
the difficulty lies in the comparatively low gain 
of the r-f amplifier and In the low Q of the h-f 
coils. 

It is not believed that low image-rejection 
ratio at the high frequencies is so serious as 
to rule out the use of such receivers, but, since 
it is the weak signals that are the Important 
ones, the low signai-to-noise ratio is very seri¬ 
ous. 

'■>' EXTENDING THE RANGE TO 30 MC 

It win felt that, as a result of the experience 
rained In building and testing the crossed 
buried U antenna system for the 5- to 16-mc 
range, enough was known about the character¬ 
istics of such an antenna system to predict the 
performance of « smaller model with sufficient 
accuracy to make unnecessary the building of 
an experimental model. The antenna system 
for the 15- to 30-nic range would be merely a 
half-size acale model of ths present system. 
Thus, the ground mat should be 76 feet in di¬ 
ameter, the antenna spacing should be 7'/a feet, 
and the size of each Individual vertical should 
be 9 Inches by 9 inches by 14 feet. 


The Tsansformers 

The design for the broad-band balanced-to- 
unbalanced antenna-coupling transformers fol¬ 
lowed very closely that of the ones for the 
lower frequency range. For details of construc¬ 
tion of the transformers and loss, balance, 
and impedance characteristics see the final re¬ 
port. 1 
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»-'* POLARIZATION ERRORS— 

SYSTEM MEASUREMENTS 

D. G. C. X-uck «nd Kenneth A. Norton of the 
RCA Manufacturing Company brouirht their 
balloon equipment to Holmde! and made meas¬ 


urements of the response of the crossed buried 
U-antenna system to vertically and horizon¬ 
tally polarized waves for various vertical angles 
of arrival. The standard wave error" was found 
to be 8.6° at 5.1 me, 6.25° at 9.23 me, 2.2° ot 
13 me. and 1.8° at 17.8 me. 
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NBS HIGH-FREQUENCY DIRECTION-FINDER RESEARCH 


Theoretical and vaperlmental Invastifation of diree- 
tlon-flnder characteristic*. particularly polarisation er¬ 
ror* Irvelopment of a fl*ur» of merit for dirortion- 
flndei comparison; examination of typical direction¬ 
finder eyatama *■ an application of tha methodi for 
tneaaummant and anaiyiia developed; oriirin of a new 
method for meanurinir ground eui •tanta. Tha major 
portion of the theoretical analyaia developed in this 
project* la included in thia nummary report, tha chief 
abridgement from tha contractor'a final raport' bela* 
In tha work conducted on direction' finder ay (tenia of 
the time 1941-1*42. 

*•> INTRODUCTION 

T he objectives in setting up this project 
were: 

1. Study of error* due to polarization, col¬ 
lector spacing, and diversity factor, and meth¬ 
ods to minimize theie, 

2. Study of errori of aite and personnel. 

3. Examination of improved model* from 
any source. 

4. Basic research on one or more improved 
types as appears desirable. 

6. Measurement technique for the study of 
d-f error*. 

After some preliminary study it was found 
that polarization snd site error* constituted the 
largest errors In existing direction finder*. The 
program therefore was chiefly devoted to a 
study of those errors over a frequency range 
of 2 to 30 me. 

•• ANALYSIS 

For the study of polarization error* a method 
was developed having advantages over previ¬ 
ously used methods and applicable to nwny d-f 
antenna systems. In this method a figure of 
merit designated as the “pickup ratio" was 
introduced. The pickup ratio Is the ratio of the 
pickup factor, k, of the d-f antenna system for 
desired radiation field com tents to iia pickup 

* Project C-18; The work covered in thie report wa* 
performed by the National Bureau of Standards under 
s contract terminating June SO, 1942. 


factor, k, for undesired field components. A 
knowledge of the pickup ratio together with the 
directional pattern of response of the d-f sys¬ 
tem mskes possible the determination of the 
polarization errors for downcoming sky waves. 
Since it is possible to measure the pickup ratio 
for s wsve st horizontal incidence, ali measure¬ 
ments may be made near the ground. Thia is a 
principal advantage of the method; other ad¬ 
vantages are thst the method yields the maxi¬ 
mum polarization error, and * figure of merit 
for polarization error which is independent of 
the ground constants and of the height of the 
direction finder shove the ground. 

After developing the technique of determin¬ 
ing polarization errors through measurement 
of pickup ratios, measurements were carried 
out on several direction flndera of various 
types. Report* issued during the project sre 
listed in the Bibliography. 

Polarization errors were investigated com¬ 
prehensively, both theoretically and experi¬ 
mentally. The polarization of the field at a d-f 
site for downcoming ionospheric wave* was 
determined theoretically. The d-f directional 
pattern wss then cslculated in such a field snd 
equations obtsined for the observed bearing. 
The difference between the observed bearing 
given by the actual directions I pattern snd the 
true bearing obtsined from the ideal direc¬ 
tional pattern gsve the polarization errors. 
Equations were derived for the polarization 
errors in this way for the several basic direc¬ 
tion finders and were used to determine, by 
means of experimental measurements of the 
constants A snd k, the polarization errors of 
these direction finders. 

Summary of Theoretical Aspect* 

Study of the state of polarization of down¬ 
coming ionospheric waves showed thst these 
waves were eiiipticaily polarized, having elec¬ 
tric components E, and E. polarized parallel 
and perpendicular respectively to the plane of 
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incidence. These components .'re present in¬ 
dependently of the state of polarization of the 
wive incident on the ionosphere and therefor* 
of thr pol»riz«tion of the transmitting antennr.. 
The wave incident on the ionosphere Is split into 
ordinary and extraordinary waves which on 
returning to the earth combine veciorlally to 
give the total downcoming wave. Equations for 
the fading of these ordinary and extraordinary 
wave components were derived and expreasioni 
found for the variations in the state of polari¬ 
zation of the downcoming wave. In general, the 
state of polar iz* tun varies in a random way 
so that the average of a aeries of swinging 
bearings will usually give a bearing close to 
the true bearing, provided the twinging la 
caused by polarization error. 

The total Held at the direction Under for 
downcoming waves was next calculated by tak¬ 
ing the vector sum of the direct and ground- 
reflected wavea It was shown that the ground 
reflection acts to suppress E „ at points near the 
ground, the suppresaion increasing as the index 
of refraction of the ground increase* Thu 
showed that direction finders designed to re¬ 
spond to E, and to suppress response to E, 
should be placed as near the ground as possi¬ 
ble. On the other hand, it is shown that a direc¬ 
tion finder deaigned to respond to E. and to 
suppress response to as> r should be located at a 
height above ground equal to a/4. 

The response of an arbitrary direction finder 
in the field of a downcoming wave was next 
calculated in terms of the known directional 
patterns of the antenna elements o( the direc¬ 
tion finders. In these expressions unknown pro¬ 
portionality constants. * and k, occur. These 
constants, which correspond to output voltages 
produced by the desired and undesired field 
components respectively, were called pieki’p 
factors, and the ratio of k to k the pickup 
ratio. It was shown that, by placing the direc¬ 
tion finder in plane-wave fields of special struc¬ 
ture, all terms in the expressions for the output 
voltages became zero except one. A measure¬ 
ment of the output voltage and the field inten¬ 
sity for this case provided a means for deter¬ 
mining the pickup factor. The pickup fsetor 
for each field component desired could be meas¬ 
ured ir this way by using special fields at hori¬ 
zontal incidence- After determining the pickup 


factors experimentally, the d-f response in the 
field of any downcaming wave could be calcu¬ 
lated and therefore also the polarization errors, 
since this calculation gave the actual azimuthal 
directional pattern. The departure of this di¬ 
rectional pattern from the ideal desired pattern 
gave the hearing error. 

It was shown that the polarization errors 
wore dependent on the raMo of desired to un¬ 
desired responses and therefore or the pickup 
pit'o te. The pickup ratio was therefore pro¬ 
posed as a figure of merit for measuring polari¬ 
zation e-iors. Thi- figure of merit is indepen 
dtnt of the ground constants i*f the d-f site and 
of the height of the direction finder above the 
ground, it can be used to determine the results 
of development work designed to reduce the 
polarization errors of a given direction finder 
while the complete curve of polarization error 
versus angle of elevation of tile incident wave, 
as de'ermined by measurements of h/k. can be 
used to compare thi accuracy of different types 
of direction finders. 

In applying the pickup ratio method in prac¬ 
tice. the required special test fleids must be 
generated by means of local transmitters. Such 
transmitters generate wavea which only ap¬ 
proximately slmu'ii.te the plane waves assumed 
In the theory used to calculate the polarization 
errors. Accordingly, theoretical and experi¬ 
mental studies were made of the techniques 
required for a proper measurement of h and k 
where a local transmitter is used. It was shown 
that a horizontal loop antenna should be used 
with the local transmitter when generating a 
horizontally polarized test field to avoid an 
error called radiator parallax. Similarly, when 
testing a spaced, vertical, coaxial iocp-antenna 
direction finder, special procedures were nec- 
ensary tn svold a' error called collector paral¬ 
lax. Equations were also derived to show the 
proper procedure required when measuring 
electric fieid components by means of a field 
Intensity meter using a loop antenna. 

Using the procedures outlined sbove, meas¬ 
urements of h and k were made and the polari¬ 
zation error* computed for the direction finders 
under consideration. 

A study of d-f sites was made in which it 
was shown that direction finders designed to 
respond to E, ihould have smaller site errors 
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caused by reradiatiun than those designed to 
respond to /?». Equations were derived for the 
field intensity »t *ny given depth below thi 
ground for Incident downcoming waves and an 
approximate table prepared showing the rcc- 
omn ended depth to which cable* and linen 
should be buried in order to avoid reradiation 
ditleultiea. A new method was evolved for 
rapidlj measuring the ground constants of a 
projiosed site, at various points of the a'te, both 
to determine its electrical homogeneity and to 
make sure that its conductivity and dielectric 
constant would he high enough for the best 
results with ‘he direction finder to be ins’nlled. 
This m*tliod ohould be useful in aelecting the 
best site when a choice ic posaible. 

’' 1 Historical Development 

Tho single loop-antenna direction finder has 
large bearing errors when used on downcom.ng 
waves from the lonoaphere. Since long distancs 
comn.unication makes use of propagation via 
the ionoopbere, the ainglc loop-ante nna direc¬ 
tion finder could nut be successfully used for 
short-wave direction finding in the hand from 
2 to 30 me. In 1919, Adcock introduced the 
spaced-antcnnn direction finder whicn at¬ 
tempted to reduce pickup In the horizontal 
members of the antenna structure snd thus the 
polarization errors. To measure the success of 
such attempts, R. H. Barfield 1 in 1935 intro¬ 
duced s figure of merit for polarization error 
which he called the "standard wave error. 
Thia was defined as the bearing error of the 
direction finder for an incident wave having 
an angle of elevation of 45’ and components 
of electric field intensity parallel and perpen¬ 
dicular to the plane of incidence equal to each 
other and of such phase difference as to make 
the error a maximum. The standard wave error 
was commonly measured by using a local trans¬ 
mitter elevated at 45° to lay down a field 
simulating the atandard wsve. A dipole trans¬ 
mitting antenna orienved at 45° generated 
equal and co phased parallel and perpendicular 
wave components in this method. The cophaied 
wave components of the above method did not 
result in the measurement of the maximum 
polarizAt'ior error as required in the definition 
of standard wave error.' Furthermore, the 
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difllcu'-ti*. introduced in the use of elevated 
trananiittci* led to lack of precision in meas¬ 
urement A t shod was needed which would be 
easier t use !n practice; for example, one 
which r-’'lulruii ground measurements only, 
Such a method was developed using a local 
transmit! near the ground to generate a wave 
field of m< uaured Intensit) at nearly horizontal 
incidence. The response of the direction finder 
was measured In this field for vertical and for 
horizontal polarization. The response of the 
antenna system to sky wsve* wad then deter¬ 
mined from a calculation of the vertical and 
hor ’ j field components of such sky waves, 
and thia in turn gave the polarization errors, 
including the standard wave ern r. This method 
yielded the maximum polarization error, while 
the ratio of the responses or pickup factors, 
called the pickup ratio, yielded a fundamental 
constant of the antenna system which was in¬ 
dependent of we ground constants and from 
wh! the response in any assumed sky-wave 
field could be calculated. About the same time 
aa the di vlopment of thir method, the Radio 
Corpo*-i:.*« of America [RCA]* modified the 
Barfield netbod by using an elevated trana- 
rmtter emitting waves polarized, first, in the 
plane of Incidence and, second, perpendicular 
to the plane of incidence, The response of the 
direction ,'nJer to these wsves was measured, 
but nasurement of field intensity was not 
required t<> determine the polarization error. 
This me d usually could be made to give the 
same date <a the National Bureau of Standards 
[NBS] method and vice versa, each method 
having particular advantages, 

*•*•* Nature of Polarization Errors 

In short-wave direction finding, bearing* are 
taken on sky waves coming down from the 
ionosphere. In general these waves are eilip- 
tieally polarized, having components polarized 
both ps r allel and perpendicular to the plane of 
incidence However, most direction finders are 
designed to measure the bearing by utilizing 
the directional pattern of the antenna-a^stem 
response to only one of the components. If both 
components are present and if the antenna 
system hri different azimuthal responses to the 
several field components, the directional pat- 
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tern will be modified so as to give incorrect 
bearings or even to prevent the taking of bear¬ 
ings altogether. These bearing errors will de¬ 
pend on the relative amount and phase of de¬ 
sired to undesired field intensity which in turn 
wili depend on the state of polarization of the 
incident wave. Such bearing errors sre called 
polarization errors and are one of the largest 
sources of inaccuracy In present-day direction 
finders. 

>.>.« Polarization of Ihtwncoiuilig 
Ionospheric Radio Waves 

As a background for the study of polariza¬ 
tion errors and the techniques used to measure 
such errors, it will be desirable to consider the 
nature of the downcoming sky waves, the in¬ 
fluence of the ground reflection on the fields 
aet up by these waves at the direction finder, 
and finally the problems involved in attempting 
to simulate such sky waves by the use of local 
transmitters, A more complete account than 
can be given here is available in a report* by 
K. A. Norton. 

The following account is intended to serve 
only as a brief review of the way in which the 
problem Is set up. 

The presence of the magnetic field of the 
earth CHU.sea a wave incident on the ionosphere 
to split into ordinary and extraordinary wave*, 
each of which thereafter travel* Independent! 
in the ionosphere and is reflected at ui^rent 
heights. To calculate the intensitiea c‘ lh» um- 
ponents parallel and perpendicular to the plane 
of Incidence In a downcoming wave, It is nec¬ 
essary to calculate the intensities of these com¬ 
ponents for the ordinary and extraordinary 
waves and then to take the vector sum of these 
two waves to give the total field components. 

The following symbols will be used together 
with Hesviside-Lorentz units; hold fsce sym¬ 
bols are vectors. A dot over a symbol denotes 
time differentiation. 

r - charge on an electron, 
ni mass of an electron. 

,V = electron density. 

H° earth’* magnetic field, 
c - mean frequency of collisions between 
free electrons and neutral air mole¬ 
cules. 


e velocity of light. 

/ frequency of radio wave. 

» 2 */. 

E electric field Intensity of the radio 
wave. 

H magnetic field intensity of the radio 
wave. 

J - total current (displacement plus con¬ 
vection current). 

V velocity of electron motion in the 
ionosphere. 

i, j, k right-handed set of mutually perpen¬ 
dicular unit vectors. 

The problem of propagation of radio waves 
through the Ionosphere is of course solved by 
iooking for the appropriate solution of Max¬ 
well's equations. 

VXE 'll (1) 

V X H l } (2) 

In the case of the ionosphere, the free electrons 
present give rise to a convection current Ne\ 
so that the total current J is given by 

J E + Nr \. (3) 

Furthermore the motion of the electrons must 
satisfy the force equation 

«E mV mV + ' V X 11° =■ 0. (4) 
Here the term (r/e) \ X H is the force due to 
the msgnctic field of the earth. This term 
reuses the pstha of the electrons which are 
oscillating under the influence of the electric 
field of the radio wave to be bent (if moving 
with uniform speed they would be bent into 
circular helices) and thus causes the wave to 
be split into ordinary and extraordinary com¬ 
ponents. The term tmV Is a dissipative force 
produced by collisions with the neutral air 
molecul«aC*fhia term gives rise to the absorp¬ 
tion of the wave. 

Since we are iooking for s plane-wave solu¬ 
tion, we substitute into equations (1) to (4) 
the plane-wave function, exp[«(/., n . r- »J]. 
Here ? denotes the complex index of refrac¬ 
tion, n denotes a unit vector normal to the wave 
front, and r is a vector denoting the position of 
the field point from a fixed origin. The field 
equations can be satisfied providing the pa¬ 
rameter* fulfill certain relations which are 
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found by substituting the plnne-wave function 
into the equitionn. Thus ? comes out to be 
double-valued showing the splitting into ordi¬ 
nary and extraord'nary wave components. For 
each of these values of the Index of refraction, 
the field equations can be solved for the electric 
and magnetic intensities. When aueh a solution 
Is carried out for the case of plane waves in¬ 
cident on the Ionosphere from a transmitter on 
the ground. It is found that the ordinary and 
extraordinary wave* are hofh -lliptically polar 
Ized, the atate of polarization being Indepen¬ 
dent of the polarization of the incident wave. 
This result is Important for short-wave direc¬ 
tion finding aince it means that no matter what 
the transmitted polarization may be, the down¬ 
coming ionospheric waves will, In general. I*; 
elliptical ly polarized and can therefore lie re¬ 
solved into two pluue-wave components polar¬ 
ized parallel and perpendicular respectively to 
the plane of incidence and having a auitable 
phase difference, The difference In azimuthal 
response of a direction finder to the aeveral 
components of such a field will therefore reault 
in Inaccuracies of the bearing. 


Effects of Fading 

These inaccuracies will vary aa the atate of 
polarization of the downcoming wave varies, 
particularly aince both the phase and ampli¬ 
tude of the parallel and perpendicular compo¬ 
nents varies. Norton 5 haa treated this problem 
quantitatively by considering the effect of fad¬ 
ing of the ordinary and extraordinary waves 
on the resultant downcoming wave (equal to 
their vector sum). 

There are two eauaes for the fading of iono¬ 
spheric waves: phaae interference between 
waves traveling along slightly different patha 
in the ionosphere, and changes In the absorption 
of radio waves caused by variations in the ioni¬ 
zation distribution In the ionosphere. The phase 
interference is responsible for the rapid 
changes in intensity which occur from minute 
to minute, while the changes of absorption are 
responsible for slower changes in the average 
level of the received fields which occur from 
hour to hour and from day to day. These latter 
changes can be neglected for this work. 


The fading caused by phase interference is 
a result of the irregular nature of the iono¬ 
sphere. The Ionosphere probably consists of 
clouds of ions distributed in such a manner 
that a single downcoming ionospheric wave 
actually consists of a large number of compo¬ 
nent wave*, each of which has been reflected 
at a slightly different place in the ionosphere. 
These separate wave components, since they 
have traveled along slightly different paths 
through the ionosphere, will arrive at the 
ground with random relative phase*. This fad¬ 
ing haa been found experimentally* to follow 
a distribution law first derived by Rayleigh 
which gives the resultant of a ‘arge number of 
waves of the aame frequency but of arbitrary 
phase. Using this distribution law, the fading 
of the ordinary and extraordinary downcoming 
waves can individually be determined and 
therefore also the fading of the resultant down¬ 
coming wave. Clearly this fading of the ordi¬ 
nary- and extraordinary waves give* rise to 
variation* In the state of polarization of the 
resultant downcoming wave with concomi¬ 
tant variations in the d-f polarization error. 
Such variations in state of polarization have 
been observed experimentally and account for 
the swinging of bearings observed in practice. 
The complete analysis of the fading problem 
leads to the general conclusion that, except for 
the two special cases given below, the relative 
amplitude and relative phase of the parallel 
and perpendicular components of a downcom¬ 
ing Ionospheric wave will have a random dis¬ 
tribution, the distribution being more nearly 
random the higher tiie frequency. The average 
of a series of swinging bearings will then be 
close to the true bearing (excluding lateral 
deviation) except for frequencies near the 
magneto-ionic frequency or ne»r the maximum 
usuble frequency. 

Several conclusions relative to direction find¬ 
ing may be drawn from the preceding discus¬ 
sion. It is clear that the state of polarization 
of downcoming ionospheric waves will vary 
over wide limits, there being time* when the 
parallel component only ia present and time* 
when th i perpendicular component only ia 
present. The phase between theae two compo¬ 
nents also can have any value. These variations 
have been observed experimentally by direct 
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measurements of the state of polarization of 
downcoming waves, Busignies' has proposed 
that some of the large bearing errors previ¬ 
ously ascribed to lateral deviation may perhapa 
be accounted for aa polarization errors occur¬ 
ring when the desired component of the wave 
is practicully zero. Clearly, for these cases even 
a direction finder having a very low standard 
wave error would exhibit a large bearing error, 
It ia therefore evident that the reduction of the 
standard wave error alone will not prevent the 
occurrence of a certain percentage of large 
bearing errors. Since the period when this hap¬ 
pen* will usually be short, NBS and Bnsignie* 


Effect of Ground on Total Field 
at the Direction Finder 

The preceding discussion of the nature of the 
downcoming wavea must be supplemented by a 
consideration of the effect of the ground reflec¬ 
tion on the resultant field at the direction 
finder, The response of the antenna aystem in 
thi* resultant field can then be calculated and 
therefore also the polarization errors. 

The wave coming down from the ionosphere 
will be effectively a plane wave since it will 
have come from a great diatanec. It will be re¬ 
flected from the ground, assumed here to be flat 



have independently proposed a direction finder 
in which the taking of bearings is automate 
cnlly prevented unless the state of polarization 
of the incident radio wave is favorable for ac¬ 
curate bearings. The antenna system in thia 
method is used not only to take bearingi but 
also to measure the relative polarization of the 
downcoming wave and thua to control the in¬ 
dications of the direction finder. 

A direction finder using apaced, horizontal 
loop-antenna elements has been suggested by 
NBS' and others as having favorable proper¬ 
ties for accurate direction finding. The opera¬ 
tion of auch a direction finder requires a per¬ 
pendicular component in the downcoming wave. 
The preceding analysis has shown that auch 
components will be preaent approximately 
equally with the parallel components, so that 
direction finders designed for either component 
are feasible. 


and homogeneoua. ao that the total field will be 
given by the vector turn of the direct and 
ground-re fleeted waves. The reflected wave can 
be calculated by using Fresnel’s equations; some 
typical cases will be given here to illustrate the 
large magnitude of the effect on the resultant 
field. This will have an important bearing on 
the selection of a suitable figure of merit foi 
polarization error in direction flnderi. Figure 1 
shows the geometry of the problem for the case 
in which the electric vector liea in the plane of 
incidence. The electric vector F. ( J of the inci¬ 
dent downcoming wave is shown aa a d ‘ted 
line while the electric vector E,, of the corre¬ 
sponding ground-reflected wave is shown as a 
solid line. Since the vertical component V.,, of 
the resultant field is in genera) out of phase 
with the component parallel to the ground, K, 
the resultant vector E, will rotate in an ellipse 
in the i-k plane (the plane of incidence). 
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Figure l has keen drawn for the particular 
case of a downeoming wave on a frequency of 
1 me arriving at an angle of elevation ^ - 4° 
over land of average conductivity » - 6 X 10 u 
emu and with a dielectric constant K 15; the 
ellipse represents the resultant Held at a height 
* 10 feet. 

The general equations for the reflected wave 
are given by Fresnel'a formula! ai foliowa: 


K,, JUm 


<5) 


(7) 


where the plane-wave reflection coefficients are 
given by 

n’ sin ^ + \/ n : cos' 

ft. - V"’ co *'>. < 8 ) 

In these equations n is the complex index of 
refraction of the earth and a* K iX wh-re 
X 1.797 X 10'**//; « i» the conductivity of 
the ground in emu, / Is frequency in megacycles 
per second, and K ia the dielectric constant of 









the ground. The numerical magnitude of the 
quantity A' ia of fundamental importance in 
connection with the etfect >f the ground on the 
radio wives, the nature of th. reflection being 
radically different in the two caiea when X is 
vcr. touch lar,.er than tl.e dielectric constant 
and when X Is very much smaller than the di¬ 
electric constant. 

Tail* 1 V al ien of A' for vsriou* fr»quenci«» and 

for the *i nurd enndjctivttiee normally encountered 

Description i(tnu| /(me) X 

Land, low conductivity 1 ■ 111 1.8 11.23 

Lend, o .«!**•• conductivity 5 < 111 '• 1 3D 86 

Land, average conductivity 6 x 10" 6 17.07 

t-nnd, avevsire conductivity 6 * 10 -" 48 1 .BS 

tine water 6 x I 0 -” 1 1.7* * t0‘ 

Sea water S x to “ 4it l.M * io> 

Copper 5,8 x t(M 10 1.04 * 10» 

•"ha dielectric conatant varies over a much 
more limited range, from unity for air to 80 for 
water. The dielectric constant for land varies 
from about 5 up to about SO. In many of the 
calculations on specific direction finders given 
later on In this repoit, computations were de¬ 
sired for typical cases; accordingly average 
ground constants of K 16 and « 6X10 '• 

emu were sasnmed. 

Figure 2 Illustrates the intensity and phase 
relationship (a- git oil by H, or R.) between 
the incident and the ground-reflected waves for 
the, case * 0 The vector diagrams give the 

cases in which the electric vector is either par¬ 
allel or perpendicular to the plane of incidence 
for three different frequencies and seta of 
ground constant-' The upper diagram corre¬ 
sponds to an ultra-high frequency and ground 
constants such that X << A": the middle dia¬ 
gram corresponds to a frequency in the itand- 
ard broadcast band and average ground con¬ 
stants; and the bottom diagram corresponds 
to reflection at 600 kc over sea water. The two 
upper diagrams therefore show the effect of 
different frequencies over average land while 
the two bottom diagrams show the effect of 
changing the Index of refraction at one end of 
the band. On these diagrams the intensities of 
the diri-ct and ground-reflected wave* are rep¬ 
resented by the length of the arrows while the 
phase of the ground-reflected wave is lepre- 
sented by the angle al which the solid arrow is 


drawn; the phase of the incident wave is zero 
in each case. Each of the solid arrows repre¬ 
sents the ground-reflected wave for a different 
angle of incidence of the incident wave. 

The resultant wave st a d-f antenna will be 
the vector sum cf the incident and ground-re¬ 
flected waves. These must be added in proper 
phase, the phaae difference being caused in part 
by a phase shift introduced on reflection and In 
part by the difference in path length. When 
thii is Hone, the total field Intensity is found to 
be given by the following equations: 

E,s - E,. t sin * I ”«■*»* (») 

K„ - E,.i c.«* i 1 + * | (10) 

e. - /:.*n + nr,r*«t»AM-*i. mi 

Figure 3 shows these three components for 
the ca.«p when E t ,* - E,. t 1 for heights z 

0 and a/ 4 above ground and for the same 
frequencies and seta of ground conitanta ss for 
Figure 2, Notice that the vertical component 
ft,’,., increases, at z 0, with increaaing values 
of X (Increaaing conductivity or decreasing 
frequency) while ths horizontal components 
E,, and E. decrease with Increasing values of 
A'. On the other hand, at a height a/ 4 above the 
ground, E,, and E. increase with increaaing 
values of X. These figure* indicate that a direc¬ 
tion finder designed to respond to the E, com¬ 
ponent of the wave should be located over 
ground with the highest possible conductivity 
to Increase E rJ and decrease E, which Is usual¬ 
ly responsible for polarization error*, 

The relative values of the total field compo- 
r.ents will depend on the height z st which the 
fields are considered. Since E,, ia usually the 
desired fleld component while E. is the un- 
desired component, the ratio \E,/E,_,\ is shown 
In Figures 4 and 6 for frequencies of 2 and 20 
me as s function of height z of the receiving 
point. These curves are drawn for equal parallel 
and normal components in the downcoming 
wave snd'are given for aeveral ground con¬ 
stant* and angles of elevation. The important 
result to be noted is that, under most condi¬ 
tions, the effect of the ground is to suppress the 
horiiontal component in the resultant wave in 
comparison to the vertical component When £T» 
Is the undeslred fleld component. It should be 
clear from these figures that the d-f antenna 
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system should be located as near u possible to 
ground and nvei mound with the highest pos¬ 
sible conductivity. At 20 me, Figure 5 ah owe 
that for large angles of elevation the vertical 
component rather than the horizontal compo¬ 
nent is often suppressed. From these two fig¬ 
ures It is clear that in the case of a direction 



Fuji HO; 4. Ratio of renulUnt hurunnral to vertical 
electric Held components when plars wave with 
equal parallel and normal components la Incident 
on ground at angle of elevation +. 

finder designed to respond to F«, auch as the 
spaced horizontal loop-antenna type, the an¬ 
tenna system should not be placed too close to 
the ground. In fact an optimum height of about 
A/3 to a/ 4 is indicated on Figure 5. 

Figure 6 indicates the maximum height for 
direction finders designed to reject E„ This 
figure shows the height above perfect ground 
(o oe) at wh*ch EjE,. equals E n j/E,,t . 
Below this height the ground acts to suppress 
E, so that the direction finder should be kept 
below the limit. Over imperfect ground this 
limiting height will be even less, 

So far expressions for the electric field com¬ 
ponents only have been considered. In the case 


of loop-antenna direction finders the magnetic 
field components are also needed and so are 
given below for the resultant field of sn inci¬ 
dent and ground-reflected wave using Heavi- 
slde-Lorentz units as before. 

H r .,-E.jn u*l W. r «-«*•»«. s, 02) 
H rJ - #:„> cis* if l + *„<<’■ " >'-»* (13) 

//. - 1 + . (14) 

A consideration of these equation* indicates 
the effect of the height above ground when the 
direction finder uses loop antenna elements, that 



is, magnetic dipole elements. In particular, for 
the spaced, vertical, coaxial loop-antenna sys¬ 
tem, the undesired field component is E„ while 
the desired component is H,. Since 

E./ll. - E. E rJ cm* i . (l.*i 

Figures 4 snd 5 may be used in connection 
with the spaced coaxis] loop-antenna system 
simply by multiplying the values given In the 
curves by the factor cos ij>. 
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The Calculation of Polarisation Errors 

Tne preceding sections h*ve shown how the 
total field components *t a direction finder are 
determined for downcoming ionoapherlc wave* 
for any frequency or vsiues of ground cot. 
stanta. The response of the antenna system in 
such a field must neat be calculated, including 
the effect of both the desired and undesired 
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field components on the d-f azimuthal direc¬ 
tional pattern. The departure of thia directional 
pattern from the ideal pattern obtained for the 
desired field component alone ia the cause of 
the polarisation error of the antenna system. 
The difference in bearing given by the Ideal 
pattern and the actual pattern ia equal to the 
polarization error. When the incident wave is 
assumed to have equal parallel and perpendie 
uiar component* of auch a phase relation as to 
cause maximum bearing error and to have an 
angla of elevation of 46“, the calculated error 
will be Barfield’s standard wave error. 


The response of the antenna system to any 
field component will be proportional to that 
component and will have a certain functional 
dependence on the azimuthal angle a and angle 
of elevation a °f the incident wave. The azi¬ 
muth angle a is the angle between the plane of 
propagation and the vertical plane passing 
through the center* of the two apaced antenna 
elements. The output voltage V of the antenna 
system can therefore be written as follows, 
where the voltages induced in the antenna 
elements and In the feeder* are arbitrarily 
separated. 

I - + IWfc* l III! 


In these equations the proportionality constants 
h and k. corresponding to desired and un- 
deaired pickup respectively, are to be deter¬ 
mined experimentally. The feeder voltage here 
is meent to include all undesired voltages. The 
National Bureau of Standards has adopted a 
standard value of ^ as zero in this work so that 
the value* of h and k may be determined by 
measurement* on the ground, that is, at hori¬ 
zontal incidence; thia seems to be possible for 
most direction finders. The function! 
and H44) give the directional dependence of 
each term in the response and are complex 
quantities including the phase of each tern. 
The functions are dimer.sionlesa, while V is to 
be measured in volts and the field intensities 
in volts per meter. In this case the constants h 
will be measured in meters. These function* 
will depend on the particular antenna syitem 
being considered and are used in the preceding 
equations as holding for a single pair of apaced 
antenna elements, that ia, for a rotatable type 
of direction finder. Fixed direction finder* will 
be considered later. 

Equations (16) to (18) include the effect of 
the ground reflection, In most cases the func' 
tlons FtW) and /(<**> can be accurately writ¬ 
ten down a prion from a knowledge of the an¬ 
tenna structure. The SBS procedure UBUaUy 
used it to attume a priori the dependence on 
irhilr the dependence ou * can be determined 
by tneaturemenht on the ground. The total field 


CONFIDENTIAL 




components H,„ H r ,„ and H, could be used In 
equations (17) and (18) Instead of the electric 
field components with equal generality The 
fields can Induce voltages In the antenna sys¬ 
tem directly nr indirectly through pickup and 
reradlati-m of wires, supporting poats, etc. la 
any cum . the total output vulture can be found 
»u a furetinn «f ♦ , that K the azimuthal direc 
tlvlty .^t!»m will Iw yiven by equation (16! 
Mid call I Mi rewritten aa follows: 

r - k, , j ih.h'. + i " 

t " 1 

+ (A,f, + krf.) + (Ms + J 

Here the shape of the directional pattern is 
seen to lie determined simply by the ratio of 
the total field components, which In turn are 
fixed oy the nitlo of the parallel to perpendic¬ 
ular components in the downcomlng wave. 
Therefore the units used for E or H can be 
arbitrary when calculating polarization errors 
Mince only the ratios of the field components arc 
needed. By setting E,. E,.„ and d6°. the 

directions pattern for standard waves can be 
found, in moot direction finder* many of the h 
and k constants appearing in equation (19) 
arc zero or negligibly small, also the different 
h or k constants are sometimes equal. This sim¬ 
plifies the problem considerably. 

.equation (19) give* the phase and amplitude 
of the output voltage as a function of «. This 
directional pattern therefore can be compared 
with the ideal, dealred. directional pattern for 
either the phase-comparison or amplitude-com¬ 
parison d-f type, The h constants correspond¬ 
ing to the wanted response should be targe 
compared to the k constants corresponding to 
the unwanted response In order Hist the dis¬ 
tortion of the directional pattern sad therefore 
the poiorliatlon error be a minimum. The ratios 
of A to A can therefore be used is figures of 
merit for judging the freedom from polariza¬ 
tion error of a given direction finder. The use 
of these ratios for this purpose has the advan¬ 
tage that the ratios are Independent of the 
ground constants and height of the direction 
finder above the ground. Each type of direction 
finder will In general require a different proce¬ 
dure to be used m determining the polarization 
error from equation (19). For example, in 


those direction Anders which determine a bear' 
ing by routing the antenna system until a mini¬ 
mum in the output voltage is found, the bear¬ 
ing. a, will be given by the equation 


Since in most rotatable systems the true bear¬ 
ing is given by a 90 . the bearing error or 
polarization error t will then be given by 
90° i where a is the azimuth angle satisfying 
equation (‘20). The value of . obUined from 
equation (20), or other determining equation! 
de(lending on the direct.on finder, will be a 
function of the phase angle of the various 
terms in V and these in turn will be variable 
since the phase of the components in the down¬ 
coming wave sre random, The maximum value 
of ( is usually the value desired, This is then 
determined by letting the relative phase of E r , 
and be varied until the maximum value of 
< is found. 

For the case of fixed-type direction finders, 
the directional pnttern Is found for each pair 
of antennas and the bearing determined from 
these patterns in a manner depending upon the 
particular d-f type. A common example is the 
type using a goniometer or similar principle 
with the antenna puirs at right angles to each 
other, such as the Western Electric-Civil Aero¬ 
nautics Administration and International Tele¬ 
phone and Radio fixed direction finders. For 
this type the obaerrtd bearing 8 relative to the 
pisne through one of the fixed pairs of anten¬ 
nas will bo given by 


where V, and V.. arc the output voltrges of the 
two pairs of anteunns, The correct bearing * 
relative to the same plane is given by 


only when V, andV. follow the ideal directional 
patterns for which the antenna systems were 
theoretically designed, The polarization error, 
«. is in this case given by a * The maximum 
value must again be determined by varying the 
phase of the field components in the down 
coming wave, 
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Typical Calculation 
To illuitiate the method of calculating polar¬ 
ization errora the case of a rotatable, balanced 
H antenna will be worked out 1 
The rotatable balanced H-antenna direction 
finder is a apneed, electric dipole system of the 
Adcock variety in which the dipole* are dif¬ 
ferentially connected by means of hoilzontal 
transmission liner Thee*, linca are sometime* 
enclosed by a metal ahleld and sometimes rot 
For vertical dipoles, the antenna elements will 
respond directly only to the vertical electric 
component of the field of the rsdio wave. Volt- 
ago may be Induced In the dipoles by the hori¬ 
zontal component of the field, indirectly, If the 
coupling to the dipoles of some other part of 
the system excited by the horizontal field com¬ 
ponents Is not negligible. The polar response 
pattern of a vertical dipole la nondlreotionsl 
in azimuth, while It is a figure eight having cir¬ 
cular lobes In the vertical plane when the 
length of the dipole it small compared to the 
wavelenp+h A. In general the vertical directional 
pattern of a dipole depend* on Its length and 
height above ground, in the caae of the dlrec 
tlon finders measured by NBS, the antenna was 
alwayr short enough to be considered as a pure 
doublet with a figure eight response pattern, at 
least for elevation angles 4 up to 45 to 00 de¬ 
grees. The response of the antenna element* 
will therefore be taken to be proportional to E ,, 
alone and the pattern will thus be a figure eight 
in the vertical plane. The function, ^,(4,4), 
however, Includes not only the directivity 
function for a single dipole twt also for the two 
dipoles differentially connected together. The 
total dipole response will be the vector differ¬ 
ence betwesn the voltages induced in the indi¬ 
vidual dipoles and so will he proportional to 
twice the aine of half the phase difference be¬ 
tween these voltages. This phase difference will 
be 2r(d/A) cos 4 cos 4 where d is the spacing 
between the dipoles. Accordingly tha total out- 
put voltage Is proportional to IE,., ain [r(tf/A) 
coo 4 cos a I or, when d/ a la small as is generally 
the case, to 2*E,.,(d/K) cos 4 cos 4. It there¬ 
fore follows for this case that 

|**»(4.0)| = cos * cos4, 
or ifi = 90° - 4. 

|F,(«, 4) | = cos 4 ain «. (23) 


The balanced 15 antenna also has an unde¬ 
sired response to the horizontal components of 
the field E, and F,. . The mechanism of this 
; *pon«e ia not c, .r.ple‘ely understood, except 
that it ia caused by the voltage induced in the 
horizontal feeders or the shield surrounding 
the feeders. Clearly the proportionality con¬ 
stant for this pickup will be the same for re¬ 
spond to both E. and E,.„ A!nt» the response 
will be nondirectloral in the vertical plane 
since the feeders ca.i be considered to act as a 
hori-zontx! antenna by the dipoles, un¬ 

less sc Do rated, for example, by cathode follow- 
ora). The following explanations have been 
prjpoaed for thir unwanted response; (1) The 
aystem ia unbalanced because the lower halves 
of the dipoles zre closer to the ground than the 
upper halves. (2) Tha feeders or feeder shield 
have unbalanced coupling to the dipoles. In 
either case the riiltctional pattern (or this re¬ 
sponse would be expected to be the same as 
that of a horizontal doublet (alnce the length 
of the feeders la short compared to a). Finally, 
the azimuthal response pattern ran be deter¬ 
mined by measurements and has been found to 
be that of a horizon: si doublet. It follows there¬ 
fore thrt 


7. (*4) I — c° 8 * 

(24) 

:',(.,4)1 sin 1. 

(26) 


Since for this antenna aystem h. h, ~ k, 

0 and k, -- the total output voltage, drop¬ 
ping the subscripts, is 
V - HE,., cos 4 sin < 4- kE,., e‘ a sin < 

+ kE n t"4 cos 1. (26) 

Here /J is the phase angle between the output 
voltage induced by E, and that Induced by C, 

It can have any value in practice as already ex¬ 
plained. The phase angle A is in part made up 
of a phase shift betwesn E,, and E,., intro¬ 
duced by the ground reflection and In part 
caused by phase shift In the antenna circuit 
depending upon the differential antenna con¬ 
nection and the exact mechanism of horizontal 
reaponse. 

Equation (26) gives the d-f azimuthal direc¬ 
tional pattern. The Ideal, desired pattern is the 
pattern obtained when either k or E. Is zero. 
This will be a figure eight on a polar diagram 
with a null at < = 0, the true bearing. In equa- 
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tion (26) there will not be * null but dimply a 
minimum response unless p 0. For thie case 
(0 - 0) the figure eight will be rotated so that 
the mil does not occur for < - 0. Since tne 
bearing is Uken aa that value of . for which 
| V | ia a minimum, an incorrect bearing will be 
obtained. In general, the reaponse pattern will 
not have a null but a broad minimum and in 
addition will be rotated. By soiving the equation 
a|V|/a, - 0, the bearing irror or polarization 
error can be obtained (* equale the bearing 
error since the true bearing ii given by . =0). 
It is found that the error ia a maximum when 
ii o, that ia. for cophased output voltages. 
The morimum polarization enor ia given by 

Un * = \hE,., coaV + <27> 

For downcoming Ionospheric wave*, the val¬ 
ues of E,„ E ,., and E. can be obtained from 
equations (9), (10), and (11). It la clear that 
only the ratios of the fleid component* need be 
known. Also only the pickup ratio h/k need be 
known aa aeen by rewriting equation (27) aa 




In generel, the h and k constants only need be 
measured to within a constant factor elnce thie 
constant can always be factored out of the ex' 
preasion for V and so will not alfect the shape 
of the directivity pattern. 

By taking E,, t =■ E,_, and i) - 45°, equation 
(27) givea the value of the standaed wave 
error of the balanced H antenna. However, the 
polarisation error for all values of * can be 
obtained once h/k is known. 

In general, the polarization error ia smaller, 
the larger the pickup ratio h/k, aa aeen from 
equation (28). The National bureau of Stand- 
■eds has proposed the use of the pickup ratio 
ii « figure of merit for polarization error in 
direction finders. It is clear that the pickup 
ratio is independent of the ground constants 
■nd of the height of the direction finder above 
the ground and so lends itself to the compari¬ 
son of different direction finders of the aame 
type, that is, following the same law for polar¬ 
isation error, such ae equation (28). This 
comparison as to accuracy can therefore be 


separated from the complicating influence of 
the ground and height above ground. Once this 
fundamental constant ia known, not only the 
standard wave error but the potarization error* 
for all vaiuea of f c* n determined for any 
particular ground and antenna height. A curve 
of , vs » enn be plotted; It is this complete 
curve which should be compared with similar 
curves of othe- type* of direction finders to 
compare their accuracy relative to polarization 
error*. The pickup ratio also furnishes a figure 
of merit by which the progress of development 
work on a particular direction finder can be 
judged. The effect of changes in the deaign can 
thus be etudled and the cause and mechanism 
of polarization error* isolated. 

A useful figure of merit somewhat eimliar to 
the standard wave error ia the polarization er¬ 
ror for a horizontally incident wave with equal 
E,, and E. componente of eech phase a* to 
cause maximum bearing error. The error for 
this wa'-e will be calied the horizontal wave 
error, - while Barfield’s standard wave error 
will be daunted by For the eases of the 
rotatable H-autenna direction finder, tan «, - 
k/h. The «. error ia independent of the ground 
constants or height of the direction finder 
above the ground. 

MEASUREMENT OF POl.AH IZATIO'N 
ERROR 


Measurement* 


The preceding section haa shown that the 
problem of the measurement of polarization 
error can be reduced to that of measuring the 
pickup factors, the constants k and fe. In moat 
direction finders the reaponse of the antenna 
system can be reduced to a single term by plac¬ 
ing the antenna In a suitable plane-wave radia' 
tion field, having only one component such as 
E. or and orienting the antenna to the 
proper azimuth angle By properly choosing 
the fieid, the antenna output voltage can then 


be made to be 

V hE,F(*.+) 


( 29 ) 


V, kE,f(4.4) (8°) 

where E, and E, are the particular field com 
ponents used. The field intensity can be meas- 
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ured by mean* of * fteld-inteiisl'.y meter, »nd 
the output voltage V of the antenna syatem 
also determined. The value of F{+,+) or f(M) 
is known, so that equation* (29) and (!»0) can 
be solved for the pickup factors. 

* Mix <52> 


Usually the field used i* one at horizontal Inci¬ 
dence *o thnt <li - 0. Thl* simplifies the tech¬ 
nique by Allowing ail measurements to be made 
dose to the ground. Often the measurements 
mu»t be made at horizontal Incidence to reduce 
the response of the antenna to a single term , the 
presence of voltage correspond I ri to more than 
one term would require e knowledge of the 
phase of each term. Also the measurements are 
usually made at particular values of + in order 
to obtain various experimental advantages. 
The pickup factors can be defined as the output 
voltage per unit fleid Intensity for azimuth and 
elevation angles such that F(*,^) and f(+,+) 
are unity (provided they can assume such val¬ 
ues, a* is usually the case). This ia the reason 
for the designation pickup factor. 

Usually the azimuthal directional or re¬ 
sponse patterns of the system are determined 
by measuring V and K for the special fields ah 
ready indicated as a function of * (with * -= 0). 
If the response la defined s a the ratio of V' to E, 
that is, the outp-it voltage per unit field inten¬ 
sity, these curve* will be given by 

W(* o) 

or 

W(*,0). 

The response i» equal to the pickup factors if 
and when f' or / is equal to unity. 

To illustrate the procedure just outlined, the 
case of the balanced H antenna will again be 
treated. When the antenna is placed in the field 
of a plane wave polarized parallel to the plane 
of Incidence so that E,. r ~ E, 0, the output 
voltage will be 

V E,., cos ii sin «. (33) 

When * 0 and • 90~, V and E,. sre mea¬ 

sured. giving h V in metere if V is 
measured in volts and E,., In volta per meter. 
Similarly if a plane wave polarized perpendicu¬ 


lar to the plane of incidence ia used so that 
E,, E ,, 0, the output voltage will be 

V kE. cos., (34) 

so that k V E, when « = 0. In this case the 
pickup factors are equal to the output voltages 
per unit field in tensity at maximum response. 


* J1 Application to Buried 11 Direction 
Finders 

A difficulty arises when applying the method 
just outlined to the buried U-antenna direction 
finder. As it* name indicates, the antenna con- 
siata of vertical eiectric element* connected by 
horizontal feeders or transmission lines which 
are buried below the surface of the earth. By 
this means the field intensity at the feeders is 
rreatly reduced both because of tbe partial re¬ 
flection of the Incident wave by the ground and 
the attenuation of the transmitted wave by 
absorption In the ground. The expression for 
the output voltage of thia antenna ayatem in 
the field of a downcoming ionospheric wave 
will consist of term* for the voltage induced in 
the antenna elements and terms for the voltage 
Induced in the feeders. The voltage induced 
in the antenna elements will Involve the de¬ 
sired pickup factor h and the field Intensity at 
the antenna elements, while that Induced in the 
feeders will involve the undesired pickup factor 
k and the field intensity at the feedera, Since 
the pickup factor k is the proportionality con¬ 
stant relating the output voltage of the antenna 
m a result of voltage induced in the feeder to 
the field Intensity at the feeders, both the out¬ 
put voltage and field intensity muat be meas¬ 
ured to determine k. Because the feedera are 
buried, the difficulty then arise.i of measuring 
the field intensity helow the ground. Thla diffi¬ 
culty can be met, however, by a procedure to be 
described in which expressions are used for the 
field intensity at any depth A below the surface 
of ground having arbitrary constants. 

The procedure for avoiding ths above diffi¬ 
culty in measuring k i* as foliowa. In all meth¬ 
ods of studying polarization error*, the errors 
must be determined from a knowledge of the 
field intensities in an incident, downcoming 
wave. In the NBS method the output voltage 
of the antenna system must be calculated when 
thesf field intensities are given. This involves 
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the calculation of the field intensity *t the an¬ 
tenna components when the field intensity in 
the incident wnve is given. Howtver, the field 
intensity at the antenna components can he 
specified in terms of the field intenaiiy nt any 
other point. If this reference point Is taken to 
he the same for tne vertical antenna elements 
and for the buried feeders and to be above 
ground, both * and k can be measured by pro¬ 
cedures quite similar to those already given. 
The reference point could be taken at the cen¬ 
ter of the d-f antenna system at a height, z. 
above the ground. 

Before proceeding to a development of thia 
procedure some specific points muat be con¬ 
sidered concerning the expression for the out¬ 
put voltage of the vertical antenna element* 
and concerning the effect of a ground mat. In 
the other direction finders which have beer, con¬ 
sidered. namely those using elevated antennas, 
the field Intensity was taken to be the aam™ 
over the entire region occupied by the antenna 
elements. This assumption in probably tiot a 
good enough approximation for the buried 
U antenna, ao that an integration over the ar.- 
tenna elements would be required to obtain » 
more accurate expression for the induced volt 
age. However, in the simplified analysis to be 
given, this will not be done, the assumption be¬ 
ing made that the field Intensity at the center 
of the antenna system can be used for comput¬ 
ing the voltage induced in the antenna elemer.ta. 
Some burled U-antenna systems use a large 
ground mat which must be considered when 
computing the field intensities above and below 
the surface of the ground. However, in the 
analysis to be given it wi>! be assumed that no 
ground mat is present or that it is so small 
compared to the wavelength that, its effect on 
the field Intensity can be neglected. 

A derivation will now be given of the expres¬ 
sion for the total output voltage of the buried 
U antenna without ground mat as a function 
of incident angle as the principtl parameter. 
The polarization errors can then be derived ac¬ 
cording to the particular indicating method 
used and ao will not be given here. The voltage 
induced in the feeders by E,. can be safely 
neglected aince E,, will be very small except, 
perhaps, for very large angles of elevation of 
the incident wave. The output voltage aa a re¬ 


sult of voltage induced in the antenna elements 
will be hE,, cos + sin «, where E r , is the verti¬ 
cal electric field Intensity *t the center of the 
antenna system (a height z above the ground). 
The output voltage as a result of voltage In 
du.-ed in the feeders will be kE, ■ cos 4, wh*rc 
E. , is the transmitted horizontal electric field 
intensity at the depth. below the ground 
where the feeders are buried. From the mi 
terial below on d-f sites the value of E.., is 
taken as 

E..-K .4 il+ff.)eih.w(.a.*4Sv r "-’ : v ••1 
while E,., is given by equation (10) as 

A - ,, ^ K,jcn*i l -f H , r *««*>■*“• . (:«» 

However, the field intensity E. at the height ; 
above the ground waa given hy aquation (11) aa 
Km > E. 4 1 -f (37' 

Therefore, if the direction finder is placed in 
the field of a lie.pendmdarly polsrir d down 
coming wave in order to measure k, E, can be 
measured at the height z and E. t calculated 
by means of equation (37). Using this value of 
E.. the value of E , at the depth A c»n be 
determined by using equation (35). The value 
of k can then be found from tfte equation 

k - v - (SS> 

A.,1 coa< 

wheic V. is the measured output voltage. It is 
clear that thia procedure effectively measure- 
k in terms of the field intensity at the feeders 
by measuring the field intensity above the 
ground and then calculating the field intensity 
At the depth A from this measurement. To do 
this, the ground constants must be known. 
However the constant k atill ia independent of 
the ground constants or the depth of the feed¬ 
ers below the ground and so is a useful figure 
of merit for measuring undeaired pickup. Once 
k is measured, the output voltage of the antenna 
system for any downcoming Ionospheric wave 
will be given by 

I* - hE,. 0* * sin . 4- kK, , cos « e‘« 
with and E.,, given by equations (36) 
and (36) respectively. Here » is the arbitrary 
phase angle already discussed in connection 
with equation (26). 

When measuring k In practice, a local trans¬ 
mitter ia used which does not generate plane 
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wave* In this case the field 1 E, and are 
riven below in this report and in equation 
(194), page 64, of the Norton report. 1 The 
pickup factor k ia then determined by the pro¬ 
cedure outlined except that these equatloni for 
a local transmitter must be used rather than 
equations (85) and (37). After finding k by 
using the equations for a lota! transmitter, 
equations (35) and (39) must still be used for 
calculating the polarization error for doien- 
eomino ionotphrric waves. Equations (35) and 
(37) can be used to determine k even when a 
local tranamitter Is used provided that the 
transmitter is at a great enough distance from 
the direction finder and at an angle of elevation 
large enough so that equations (35) and (37) 
are valid. This point is discussed in detail be¬ 
low. When the local transmitter is used near 
tho ground, however, the exact expressions for 
the field from » local transmitter mu'* '« used 
to determine k by measurements above the 
surface of the ground. 

,Ji Local Transmitter Measurements 

The pickup factors * and k which determine 
the response of a direction finder were defined 
for plane waves auch as downcoming Iono¬ 
spheric waves. The procedures in which social 
plane wave* are uied to make possible the 
measurement of k and k must be modified In 
practice since the only practicable means of 
generating such special fields ia by the use of a 
local transmitter placed a relatively short dis¬ 
tance from the direction finder. The wave from 
such a transmitter will simulate an ionospheric 
wave only approximately, thus Introducing Into 
the experimental technique several difficulties 
which must now be considered. 

Two methods of determining polarization er¬ 
rors have been introduced by NBS and RCA* 
respectively. The NBS method uses a local 
transmitter near the ground while RCA use* 

* The RCA method of meMOrlng pole r list Ion errors 
oiffere from the N11S method already outlined »• fol¬ 
lows. The special field* uaed are thoae of donmeooitnp 
waves, first polarised parallal to tha plana of incidence, 
then perpendicular to the plana of Incidence, Tha out¬ 
put voltage of tha direction finder ia meaaured for each 
wave and will b« V, and V. reapectively when oriented 
for maximum reaponae. The polarisation error > in the 
field of both wave* will be given by tan i = V./V,. 


an elevated tranamitter to generate the fielda 
required in the two methods; accordingly the 
first method ia a horizontal incidence method 
while the second utilizes downcomlng wave3. 
In both methods the two special waves gener¬ 
ated are first, a wave polarized parallel to the 
plane of incidence so that E, — 0 and. second, 
a wave polarized perpendicular to the plane of 
incidence so that E, = 0. In the NBS method 
the wave of parallel polarization arrives at 
horizontal Incidence so that E,., ~ 0 also. In 
practice these conditio.is are only approx! ■ 
mately met, the deviations from the desired 
fields being at. follows. 

The E,., Wave Component 
I n the NBS method the presence of the 
ground causes a wave tilt which gives rise to 
a small E,., component. The wave tilt is usu¬ 
ally leas than 10° so that this component can 
he neglected in practice, especially aince it in¬ 
duces voltage which la small in comparison to 
that of the E,, component. The pickup factor 
for the component ia small because it is 
usually tho feeders which are responsible for 
auch pickup. 

Generation op Pure Fields 
I t ia very difficult to generate a wave polar¬ 
ized perpendicular to the plane of incidence 
without also generating some parallel cor.'po- 
nent. The stray parallel component becomes 
relatively more important, the greater the dis¬ 
tance of the local transmitter from the d-f aite, 
since the ground very rapidly attenuates the 
perperdicular component in comparison to the 
low attenuation of (he parallel component. The 
more accurate the direction finder, if designed 
to reject the perpendicular component and to 
respond to the parallel component, the greater 
must be the purity of the field to measure the 
smaller polarization error which such an im¬ 
proved direction finder would have. 

The Adcock type of direction finder, in which 
spaced electric monopole or dipole antenna ele¬ 
ments are balanced against each other, relaxes 
the stringent conditions for purity of the field 
since the response of the system to E, can be 
meaaured with the antenna oriented at the null 
position for E, (and vice versa, although the 
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prohlem of generating a field with i'„ negligible 
ii not difficult), For thin reason NBS ha* meas¬ 
ured the pickup factor* of such direction find¬ 
er* with the antenna system oriented it the 
proper null position. 

Careful design of the local transmitter helps 
to prevent th; generation of undesired field 
component*. The antenna should contain or be 
an extension of the shield containing the oscil¬ 
lator and bitunes »o that current flow will be 
possible in the deaired paths only, 

Finally, a flat homogeneous site should be 
used when making measurements of polarita- 
tlon error. 


**' 4 Field Generated by a Local Radiator 
The Surface Wave Component 
The presence of the local transmitter near 
the ground re«ulta In the generation of a sur¬ 
face wave component In the wave In addition 
to the direct snd ground-reflected waves.* The 
expressions for the field generated by a local 
transmitter were also obtained by Burrows, 
who used a somewhat different terminology 
from that used here The surface wave termi¬ 
nology will be used in this report since much 
of the work was carried out by using the equa¬ 
tions and methods of K. A. Norton. The vector 
sum of the direct and ground-reflected waves is 
called the space wave. The apace wave ia the 
only wave present at a direction finder tor 
downcoming ionospheric waves, so that the sur¬ 
face wave component prevents the simulation 
of such wavea by the use of a local transmitter, 
The presence of the surface wave introduces no 
difficulty in the NBS method since the total 
field Intensity is measured, the effect of the 
surface wave thus being allowed for. However, 
in the RCA method and in Barfield's method, 
the response of the antenna system will not be 
the same as for an ionospheric wave arriving 
at the same angle of elevation. The magnitude 
of this effect increases as the distance to the 
transmitter decreases and the angle of eleva¬ 
tion decreases; it can be very large for the 
usual experimental setup. If it is assumed that 
the surface weve is negligible when it hss an 
intensity less than 1 per cent of the space wave, 
then, considering the parallel electric field radi¬ 


ated by a vertical electric dipole, it is found 
that transmissions designed to simulate iono¬ 
spheric wave transmission must be made from 
u distance of the order of 2a when ^ 45°, 

60a when f 15°, and 500A when ^ 6°, 

The practical importance of the surface 
wave component for polarisation measurements 
using elevated transmitters can be Illustrated 
by the experience cf the RCA group In tl:e 
RCA method, the maximum response of the 
antenna system to the parallel polarised field 
and to the perpendicularly polarized field was 
measured, the ratio being V,/V.. Clearly the 
pickup ratio h 'k can be determined from this 
measurement at the angle just as the re- 
i ponae at the angle * can be calculated from the 
measured values of the pickup ratio. If the re¬ 
sponse of the antenna system to E,,, is neg¬ 
lected it follows that 

V, - HE,., cos j (40) 

V, - kE. (41) 

since the maximum output voltages are meas¬ 
ured. The total field components will be proper 
tional to the correiponding field components in 


the incident wave E rt and Thus 

V, = cos * (42) 

V. - JtE. J.. (49) 

Here tbe functions f, and /. are given "Imply 
by the laws of plane-wave reflection when 
xononpherie ware* arr considered. Thus 

- COS*[l + Kn r *"•*>-»] (44) 

/. - 1 + *»»» I4«) 


Putting the proper values of the parameters in 
these equations and using the measured value 
of V f /V„ the pickup ratio can be solved for, 
giving 


A 

k 


COS iff 


(46) 


In this manner RCA determined h/k for values 
of * from near zero up to almost 46°. The pick¬ 
up ratio* thu* found were constant for large 
value* of a but much greater at low angles 
than at high. However, when the functiona /, 
and /. were computed using the aurface wave 
component as well aa the space wave, the pick¬ 
up ratios thus determined were constant for all 
values of *. Accordingly, the field did not simu¬ 
late that of an ionospheric wave until elevatiou 
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•isg.'ee of 20° to 30° were reached. If the trans¬ 
mitter were moved further from the direction 
finder the surface wave would have been re¬ 
duced ainc » ia attenuated faster than the 
apace wave. 



FhiUMt 7. Rlsvsttd dipok traanuUlof rmr 
finitely ccjicHwtinjf ground. 


Ftfiu* Generated by Vwhcal >nd HORIZON¬ 
TAL ElZCTMC AND M .O.«MiC PWDLW 

For purpo'n?, of reference and to- U«e In toe 
next section of tl.ia report the crmplei* equa¬ 
tions are given for the field from vertical and 
Horizontal electric and magnetic dipoles a» «iiv 
tanecs. d. grer.tcr than the waveien/th.* These 
expressions refer to dipolea transmitting over 




rtnaa a <»m *• hontonUi electric and m»g- 


a finitely conducting ground a* shown in Fig¬ 
ures l and 7 and inciude the surface wave 
component. E„ and H . are the values of the 
electric a id magnetic radiation fields at a unit 
distance In free space in the equatorial plane 
of the ' ectric dipole, while E 0 , and H„ m are 
ihe co. responding values for a magnetic di¬ 
pole. The 4 k plane Is taken as the plane of 
me d-nee with k vertical; Figure 7 defines 
r, > and <>, and the unit vector* 


= eus 4- sin ^,d. 

(47) 

4, l-)J djk - »in V,«l. 

(48) 

coa i^,d - slo ^,W, 

(49) 

r, ~ cos d-d + am v-k. 

(60) 

The express'uiis for the fields are 

(here k = 

2./A): 


Vertical Electric and Magnetic Dipole* 


.Ur. #Sri 

R - i£„ |cos +, - r( r cos *, R,it 
+ COS (I - R,)fiPt.Rr). 

II. - ill A }<nw i, e r " t- CO* i, r' t ” 

+ cos *1 n «,)/(/’..«.) . (S2) 

E. - Km # |o<m d, 1 + cos <h R.- f - 

+ «»*,<! - //.)/[/>.,»..) | ■ <*» 
H, - + CO* 

+ CO* *,’(1 • 

+ v'n* ww’if'.d J- —- } • W) 

In this case E. H, = 0 for the vertical elec¬ 
tric dipole while E, = H. 0 for the vertical 
magnetic dipole. 

Horizontal Electric and Magnetic Dipolet. 
Figure 8 illustrates these cases, the electric 
dipole, and axis of the magnetic dipole (loop) 
pointing in the positive l direction. 

, A" 

K. - *- "in »j V) +».— 

+ 11 • R.lfil’m.Hm ) - "** — } . (53) 
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ilf-w #)««♦,^*i-+•*»*»*» 17 *• [«»*. k + V "^T *‘ k ] r,-) 1 ta#) 

+ V”' **' "*• (i ft,) f(ff„ft,i. K. - 00H M |Ain 4 , - — + " n *• ft -~- 

L» t , l + ^p , JSd]'^} l w +v'.-«-■*,» Wf-u’- j 

.,u. - -//«. «n * r r *’+" iu ***■ v 

If, - ,ff- "ill «j —+ W. — *» <- r > u 

+ a - Rjsirm.it*) + »•<* ft.)/(/*-.»-)• 


[ wwflk+ w + V " r ^ci- , *.a ft.'/f^ft-)^’}' w 

., <*. B r *• H. - -H-.«»* v r *'+ ,,iu *• r " 'u * 

if, - iff- "ill 6 j —+ ft. — *» <• r ' U 

+ <i ~ ft.»/(i»-.«-i- + v '" r « a ft*' /(,> "' ,, " ) ' 

^♦.k + VST^M^id]^*—}. (57) [eo.*,k + vV -c<w'f.d] r> }• ">') 

. r ,t„ fjii In t£)eee equation", ft, and ft. are the plane 

H. - iff-non «j«in ih f + «n *, ft„ ri waVe refWr.uon coefficient" aa already defined. 

The thin'' iu in each equation represent" the 
vi,• ft./(/*,.«,)(M> surface a ■ and f{P,B)'» i" the surface yaw 

T r, J attenuation function which in aiven graphically 

l,<*n r 1 ’ • aa a function of P and B in Fiauren 9 ant 10. 

K, . K„ "in »j - «, + ftp ~ Here tj,. fngle * i, the phaae of the autface 

wave attenuation iunction (not to be confused 
with the naimutb anfle). 
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flP,P)f* - t + VW's'^'Erfr ( lv'/ i i). 

(62)' 

/*, -ft", (63) 

^,[-"*.+ y5L T^']’ **> 

«5?K [“" *■ + ' / " 1_ ]' <« 



function. 

P, ai-u P* are called numerical distances. The 
preceding expressions for the field from a 1 r si 
radiator reduce to the values given for me 
waves when r is allowed to increase w.Jiout 
limit. 

To Indicate the magnitude of the surface 
wave. Figure 11 shows the ratio of surface to 
space wave intensities at the surface of the 
earth radiated from a vertical electric dipole 
at a height a. It is seen that the surface wave 
fails off with increasing distance r and Increas¬ 
ing elevation angle if. For a local transmitter 
at a distance of one wavelength, very large val¬ 
ues of are needed to simulate a downcoming 
plane wave. 

■ SrfcO) represent* the *o-cil1ed trror function.**-** 


UJ Radial or Parallax 

An examination of equation (56) for the 
field from a local horizontal electric dipole 
transmitter reveals that E f ^ 0 except in the 
equatorial plane where cos 1 = 0. When auch a 
radiator ia used for determinations of polari¬ 
zation errors there will be E, components at 
the d-f antenna elements since these will lie on 
either side of the equatorial ptane of the trans¬ 
mitting dipole. Furthermore the phase of tho 
fields at the two antenna elements will be op¬ 
posite so that the induced voltages will dd up 
In the output of the system, as a result of the 
differential connection of the direction finder, 
causing an error which will be called "radiator 
parallax." The response of the antenna system 
to these E, components ia not desired when 
using such a horizontal dipole, since the re¬ 
sponse to E. alone must be measured to make 
possible an accurate determination of the cor¬ 
responding pickup factor, 

These undesired parallel components will be 
present for both horizontal Incidence and ele¬ 
vated transmitter methods of measuring polsr- 
iration error. The presence of the ground is 
responsible for this state of affsiri in the case 
of the horizontal incidence method where the 
transmitting and receiving antennas are at the 
same height above ground, since there ia no E,. t 
component in the direct wave (ain if, 0) 
while there is such a component in the direct 
wave from an elevated tranamitter. Ths sig¬ 
nificance of the undesired E, component in 
direction-finder testing wai first pointed out by 
W. H. Wirkler of the Collins Radio Company. 
This component is Important because, although 
small compared to E r , It Is not attenuated so 
rapidly and ao, at large distances from the 
trsnsmltter, it becomes relatively large enough 
to render the measurements inaccurate. This 
holds especially for direction finders having 
low values of polarization error. If E, is gen- 
eiated by meant of a vertical magnetic dipole 
(horizontal loop-antenna). E „ 0 no that thin 

error it avoided. 

When a local transmitter is used to test a 
spaced vertical loop-antenna direction finder 
for response to E.. there will be unwanted H. 
components at the two loop antennas If the 
transmitter uses a horizontal electric dipole. 
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This case is similar to the one just discussed. u * CoIIrc Parallax 


This result is seen In equation (68 ) which 
shows that the phase of H. will be opposite at 
the two loops, thus causing an apparent re- 
•ponae to E, whi»-\ is misleading. Here also 
the remedy ia to use a horizontal loop antenna 
In the tranamittcr. 

Situationa similar to that just described srise 


Another error which occurs with local tram- 
mittera was also pointed out by the Collins 
Radio Company. Thia error, called parallax 
error, occurs when measurements of polariza¬ 
tion error are made on apaced, vertical loop- 
antenns direction finder*. 



when generating a wave polarized parallel to 
the plane of incidence. This may also be seen 
from an examination of the preceding equa¬ 
tion* (60) and (61). Accordingly the general 
rule follows that a local transmitter using a 
vertical electric dipole ahould be used for gen¬ 
erating the wave polarized parallel to the plane 
of Incidence and one using a horizontal loop 
antenna for generating the wave polarized per¬ 
pendicular to the plane of incidence. 


When the response of the antenna syatem to 
E. is tested, the forward tilt of the H, compo¬ 
nent of the field results In pickup In the loop 
antennas which is not balanced out. This effect 
can be seen hy an Inspection of equations (67) 
and (64) which shows an H r ,, component of 
the field, whether a horizontal electric dipole or 
a horizontal loop antenna la uzed in transmis¬ 
sion. The H,, component induces voltage in the 
loop antennas because of the finite "parallax" 
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angle subtended by the director rtnd-r at the 
transmitter. This magne!'.c field component If 
not perallel to the piano of the S, Icoj i ntem .» 
because the 'oop nnt*ni.as lie on either s : de 
the Sine connecting the center of the di'oction 
finder and the center of tiir janamitier. Fur¬ 
thermore, the pickup in each ioop ai,senna, is of 
opposite phase ao thet the induced voltages add 

up. 

*■* EXPERIMENTAL TECHNIQUE 

One of the principal result, of this wc » 
ws« the development of a method for m«aa».- 
ing polarization errors and of expe. imen'-i 
techniques to use the method, representative 
direction finders were examined by there tech- 
nlquee, it being necessary to find mean* of 
overcoming experimental difficulties when the 
method was applied to par*,cular d-f system*. 

The d-f systems exan ined were: (1) fli«- 
porl.mental rotatable, balanced H antenna built 
nnd lnssal’ d at Laurel, Md.—a direction finder 
using unshielded, horizontal feedera but otner- 
wise practically the same as a Navy DY alao 
inatalled at Laurel; (2) 8CR-561T1 Installed 
at Fort Monmouth, N. J .; (3) a Western FJec- 
tric [WE] direction finder developed for the 
Civ'll Aeronautics Administration [CAA] and 
located at LaO.nardla Airport, New York City 
—a ten-frequency, fixed, tuned, A dcocF ar¬ 
rangement using balanced H antennas; >4) 
an elevated, rotatable, epaced loop-antenna nys- 
tem procured from United Air Linea and in¬ 
stalled at Laurel, Md.—the system examined 
with the antennas in both a vertical and a 
horizontal position; (6) a Colline CXAL di¬ 
rection finder measured at Cedar Rapids, Iowa. 

The general procedure will be given here, 
special procedures being described in the sec¬ 
tion to which they apply.'* In all cases except 
the Colline measurements, a local transmitter 
employing an electric dipoie was used to gen¬ 
erate the desired fields. Waves at horizontal in¬ 
cidence were uaed; first a wave polarized par¬ 
allel to the plane of incidence, then one polar¬ 
ized perpendiculer to the plane of incidence. 
The error introduced by using a horizontal elec¬ 
tric dipole rather than a horizontal loop an¬ 
tenna was not fully appreciated at the time the 
measurements were made. However, it seems 


,hav the conclusions d'nwn from the measure¬ 
ments w lid not be mace i.d'y altered since the 
polarization erroiu found were quite large ex- 
w>pi ior the i- -p-antenna direction finders. The 
measurement* of the Collins installation were 
carried out by means oi horlzont I loop- 
antenna radiator. Also rrdiaior narsl'ix was 
urglifaiblc in the case of the mer.surument# of 
tha spaced horizontal loop-antanna syetem. 

The result•, cf eon* preliminary calculation* 
on radiator narall < using the exact equations 
already give., indicate agreement with the few 
experimental observations ao far available. The 
errors caused by radiator parallax can be con¬ 
siderable for both high and lew elevations of 
the transmitter. The error dec reuses with in- 
cre. „mg frequency 

The adjui.unent of the horizontal dipole used 
for tr; ismirsion waa very critical. Any slight 
tilt from the i.orizontai gave rise to a vertical 
held component which assumed large relatl/e 
p: cportloni. The rapid attenuation of the hori¬ 
zontal rompcnciit was responsible for this. It 
waa found tl it th presence of personnel near 
the vran»*nltter also caused the generation of 
undue amount* of unwanted vertical field com- 
pc: ent These difficulties were solved by ar¬ 
ranging to rontrol the tilt of the dipoie by 
mean* of rords. For the case of the balanced 
H .intenna, the antenna was oriented for maxi¬ 
mum mpor.se to £, and the transmitting dipole 
rotated until minimum output was indicated. 
The transmitting dipole was then exactly hori¬ 
zontal : the purity of field at the direction finder 
waa thus determined hy the direction finder 
itself in tl«e equatorial plane of the transmit¬ 
ting dipole. 

The output of the antenna system - was meas¬ 
ured by substituting a etandard voltage gen¬ 
erator for the antenna and determining the 
voltage required to give the same output as 
obtained with the antenna. 

The measurement of field intensity was sub¬ 
ject to lnaccuraciea resulting from the presence 
of the direction finder. However, when the an¬ 
tenna element* were dieconnected, the effect on 
the field intensity was reduced to a negligible 
vslue in most cases as ehown by the effect of 
rotating the direction finder. Before diecon¬ 
necting the antenna elements, the aparent field 
intensity veried greatly as the direction finder 
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was routed, but this variation become -egligi- 
ble ifter disconnecting the antennas. For the 
routable H antennas it wai found that dis¬ 
connecting the dipoles was not necesaary if the 
Held was measured when th* direction Under 
waa properly oriented. For me a wring A’.. this 
orienUtion corresponded to minimum response 
to E„ By orienting the direction Under »o as 
not to respond to A'., It rould no. pick op end 
reradiate fields which would disturb the meas¬ 
urement of the field Intensity. Such a proce¬ 
dure could not be used In the case of the spaced 
vertical and horizontal loop-antenna ayatem*. 

these cases the field was measured some 
distance to the side of the direction finder but 
the same distance from the transmitter. The 
assumption was then made that the attenuation 
of the wave was the same for thia path as for 
the path to the direction finder. 

When using s field-intensity meter employ¬ 
ing a loop antenna, the electric field ealibration 
made with plane waves does not hold when 
measurements are made in other than plane- 
wave fields,although a magnetic field calibration 
would. The field generated by the local trans¬ 
mitter is not the same as for a plane wave, the 
ground-reflected end surface waves being pres¬ 
ent as well as the direct wave. Under these 
conditions, to measure E,., and E m with the 
loop-antenna field-intensity meter,* the loop an¬ 
tenna of the field-intensity meter ia oriented so 
as to respond to either H. or H,_,. The reading 
of the field-intensity meter, which will be in 
volts per meter, then refers to the related value 
of E,j or E, which would be present If the 
field measured were that of a plane wave in 
free space. This la what ia meant, in this re¬ 
port, when H is measured by means of a loop- 
antenna field-intensity meter and designated as 
volte per meter\ it is just the related value of 
E for a plane wave in free space. The reading 
of the field-intensity meter, though In volts per 
meter, will be a number proportional to H. The 
relation between E and H ia given by the fol¬ 
lowing equations: 


Here E„ and //„ are the values of the electric 
and magnetic radiation fields at a unit distance 
in free space in the equatorial plane of the 
electric dipole, while E. m and //,„ are tile corre¬ 
sponding values for a magnetic dinole. 

Equation (6?) ia important because it shows 
that the loop antenna o' the field'intensity 
meter should be oriented to respond to H,_, 
when measuring E„ rather than for maximum 
reading of the meter as is done for plane waves 
In free space. The maximum reading corre¬ 
sponds to the amplitude of K, which ia often 
much larger than H, ,, so that too large a value 
for E. would be obtah.ed. Since cos f Is al¬ 
most unity ier these measurement it follows 
that equals the reading of the meter when 
oriented to H„ and E. equsla the reading when 
oriented to respond to H,„ In most cases In 
this work the measurements of E, wore msde 
by orienting the meter for the amplitude of H, 
rather than H,.., since the correct procedure 
was not evolved until after moat of the experi¬ 
ments were performed, This renders the mesa 
ured values of E, inaccurate for frequencies 
below about 7.5 me where the wave tilt is ap¬ 
preciable. As already stated, the direction of 
thia effect is such rs to make the measured 
values of E. larger thin they actually are. 
Coneequently the measured plckur factors, k, 
corresponding to E. were too small and the 
calculated polarisation errors atao too small. 
This error waa not made in the esse of the 
United Air Lines [UAL] direction finder when 
used either with horizontal 01 vortical loop 
antennas. 

After measuring the pickup factors of a di¬ 
rection finder the polarization errors were cal¬ 
culated using the method already given. In 
these calculations the response of the antenna 
system to E involves an unknown phase 
angle A. An inspection of equation (27) for 
the balanced H-antonna system shows that the 
limitj on the values of the maximum polariza¬ 
tion error set by the unknown value of A are 
given by 


H r E„, 






l«7> 


Mi 

,WI * ” ht: r , w • 


HW.i 


These limits can th< fore be calculated. How' 
ever, since E,, varies as sin this unknown 
term will be small for low angles of elevation 
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and also for low vslue* of k, For a direction 
Under having low poterizatlon error, k is small 
*o that the following approximate equation is 
valid: 


tan 


kE. 

hE,., co« if' 


(69) 


Thla is the equation used in practice for the 
calculation of polarization errora in thia re¬ 
port, except for the loop-antenna direction 
finders. If k is «o large that equation (69) ia 
not a good approximation, the exact value of 
the polarization error is not needed because it 
will be very large. The equation can be used to 
indicate the superior nr Inferior performance 
of a direction finder. 

In the result* that follow, polarization errora 
are calculated for average ground condition*, 
that ia, a conductivity . - 5 X 10-’* emu and 
dielectric conatent K = 16. 


, ' < ' 1 Teat Conclusions 

This experiments technique evolved aa the 
reaearch progrcaaed and included ipecial mean* 
to overcome experimental difficulties encoun¬ 
tered in the application of the method to meaa- 
urement on particular direction-finder ayatema. 
(1) The atrlngent conditiona for pure fields 
were relaxed for the case of Adcock direction 
finders by orienting the antenna syatem to the 
proper null poaition, (2) Remote rontrol was 
used to control the radiator when generating 
perpendicularly polarized field*, while the di¬ 
rection finder itself wa* used as an indicator 
to ‘•11 when the radiator was exactly horizon- 
tel. (3) The Influence of the direction Under 
on the measured fleld intensity wa* removed 
in many case* by property orienting the direc¬ 
tion finder, In other caaes measurements of 
Held intensity were made off to one side of the 


direction flndtr. (4) Correction factor* were 
computed and applied to allow measurement of 
electric field Intensity by means of a field-in- 
tensity meter UsiDg a lo< p antenna. (6) To 
reduce errora caused by radiator parallax, a 
horizontal loop-antenna radiates' was found 
neceaaary when generating the perpendicularly 
polarized wave fleld required in thla work, 
while a vertical electric antenna wis neceaaary 
for generating the wave polarized parallel to 
the plane of incidence. (6) Method* were de¬ 
veloped for reducing the experimental errora 
caused by collector parallax for the cate of 
particular direction flndera. 

The experimental technique Anally evolved 
ha* Important application to other method* of 
meaturing polarization error. The errors 
caused by radiator and collector parallax will 
be present In the RCA and Barfield method* 
unite* techniques similar to those used (n this 
work are applied. Furthermore these method* 
encounter another difficulty, clarified by the 
work of this report, when measurements are 
made at angles of elevation below 20° to 30° 
This ia the error caused by the aurfac* wave 
component of the field from the local trans 
mitter and ia not present in the NBS method. 

Since the experimental technique evolved 
gradually, the measurement* of polarization er¬ 
ror* of the various direction flnder* were not 
al) carried out with the same accuracy. In some 
cases E. was inrorrectly measured, giving 
measured polarization errora which were too 
am*H. Thia effect wm unimportant above 7,5 
me. In other caaes, radiator parallax was not 
avoided. Bearing in mind these limitations as 
to accuracy, Table 2 of approximate polariza¬ 
tion errora compiled from these sections may 
still be used to draw certein Important con 
elusion*. 


DtrrclMJti flmJur 


Tails 2. Approximate polsnution erroi 
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In Table 2 the value* are given of two par¬ 
ticularly significant 'wave crroi," which ran. 
be derived to repreaeut the per for,n*nee o, 
given direction finder: (1) the value «f maxi¬ 
mum bearing error for a downciming wave 
Incident at 45° with equal parallel nd perpen¬ 
dicular component*, which ia the "itandird 
wave error" aa defined by Barfield and 
the value of maximum bearing error for a Swi i- 
zontally traveling wave also with equal parallel 
and perpendicular componenta, The er or 
«„ includes the effect of the height of the direc¬ 
tion finder antenna above ground find ji the 
electrical properties of the ground *'hc-re*a 
la independent of theae effeeta. 

Table 2 give* the horizontal wa'-i an or, 
and the standard wave error, In ds- 
greea. The valuo of ia independent of the 
ground constant* aa already itated. while that 
of *,s ia for average ground having constants 
K 15 and 5 X 10 “ emu. The height of 
the various direction finder* for which the 
value* of are given i* the hright for which 
the direction finders were design* ! except Ir 
the caie of the UAL antenna ayatam, The 
height wa* taken as 10 feet for the vertical 
loop-antenna ayatem aa a practical value ap¬ 
proaching optimum result*. Two a.-'erent 
height* were taken for the horizor-'ai loop- 
antenna ayatem; 60 feet over the band from 
2.5 to 7.5 me and 80 feet above 7.5 me. In thia 
way the whole frequency range was divided 
Into two bands with approximately optimum 
antenna heights for each band. The values of 
«„ for the experimental H antenna, the 
SCR-551 and the WE-CAA direction finders 
would have been lower for lower antenna 
heights. The complete data for each system are 
summed up in the graphs given in the particu¬ 
lar section for that direction finder In the final 
report, 1 “ ** 

The data given in Table 2 are shown in graph¬ 
ical form in Figures 12 and IS In which and 
are respectively plotted aa a function of fre¬ 
quency for each of the direction finders. 

Inspection of Table 2 and Figures 12 and 13 
shows that the polarization error* are in gen¬ 
eral much larger for those direction finder* 
using open antenna elements than for those 
ua'jig loop antennas This indicate* that the 
loop antennas are inherently easier to balance 
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uml to shield properly sc a* to suppress un¬ 
wanted pickup. The low imped*nee of the loop 
tntenr'is is helpful on this »core. This conclu- 
*lon as to the relative superiority of the spaced 
loop'antenna direction finder* 1* one of the 
principal result* of this work. 

Tc.ble 2, slid Figures 12 and 13 also indlca x 
that the direction Under having the least polar¬ 
isation errors of all those tested was the one 
using horizontal loop antenzuu. Thi* superior 
performance was obtained without any critical 
adjustments of the antenna syatem. Measure¬ 
ments on thia antenna syatem were free from 
radiator parallax error* and from errors of 
measurement of field intensity. Coupled with the 
low polarization error of this system is Its low 
susceptibility to site error*. These two proper¬ 
ties ter ether would indicate a very promising 
system /or those applications where aky waves 
only are being received and where the antenna 
may be placed approximately one-fourth wave¬ 
length above the ground. 

Methods similar to thoac given In thla report 

re used by RCA ar ' International Telephone 
and Radio [IT 4 R] Laboratories to make polar- 
Isstlou error measurements on the Bell Tele¬ 
phone Laboratories [BTL] buried U-antenna 
system at Holmdel, on the elevated, ahielded 
L-antenna system of RCA, and on various 
IT 4 R ay stems at Great River, Long Island. It 
was found that the BTL buried U antenna had 
u performance similar to the loop-antenna sys¬ 
tem* described herein; the RCA antenna s.vs- 
Lem had errors about the some as those of the 
electric antenna systems of this report, while 
1TAR reported an increase in accuracy for 
electric antenna system* achieved by using 
cathode followers to couple the antenna ele¬ 
ments to the transmission llns. 

Critical consldoratiou of the NBS method of 
measuring polarlxatlun erroi s as applied to the 
several direction Under* shows that the method 
has several advantages. First may be men¬ 
tioned the convenience and speed with which 
measurament* are made since, in general, all 
measurements ara made with the equipment 
near the ground and because wave* polarised 
parallel and pert>endlcular raspectlvely to th" 
plane of Incidence are used separately. This 
avoids the need for adjusting the phase of these 
two components os is necessary when both 


waver »sf utod simultaneously. The fact thst 
these s ire used ■ separately alao results 
In another Important advantage, nsmely, that 
imuimun polarization errors are measured. 

Thia result 1& one of the principal results of 
the present research. Originally, Barfield de> 
fined the "standard wave error” to be the bear 
lng error for the "standard wave" with auch 
phase relation between the parallel and perpen¬ 
dicular wave components as to result in maxi¬ 
mum error. However, the experimental tech' 
nique employed by Barfield for many years did 
not meet the conditions required for maximum 
error; t* a result the polarization errors meas¬ 
ured wera much too low. The publication of 
polarization rrors measured by thia method 
led to the genersl belief that potsrization er¬ 
rors were quite small. Measurements by the 
NBS method and subsequently by that of RCA 
Indicated much larger polarization errors for 
existing direction finder* than had generally 
been believed to be the case. 

In the Barfield technique maximum errors 
were not, In general, measured because the 
phaae relation of the two components In the 
wave from the I rget transmitter was not ad¬ 
justed for maximum error. Some month* after 
first publication of the NBS method, an account 
appeared of recent attempt* to modify the Bar. 
field method so a* to control the phase of the 
two components' 5 but these hsd not yet been 
spplled practically because of experiments! dif¬ 
ficulties. However, further measurements 11 of 
an H-antenna system,'' in which allowance was 
made for the proper phase relatios to give 
maximum error, showed errors two to ten 
times larger than those values given previously 
on the basis of measurements by the Barfield 
method. This result an to the extraordinarily 
Isrge polarization error* of many present typea 
of direction finders now agrees with that of the 
NBS snu the RCA groups. 

The large polarization error* found as a re¬ 
sult of thia work have refocused attestion on 
the reduction of polarization errore. The NBS 
method has an important sppliemtios to thia 
problem of the reduction of polarization errors 
since it furnishes a figure of merit by which 
the progress of development work msy be 
judged. After each change in design the pickup 
ratio of the antenna system may be measured 
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in order to determine the effect of the change 
J on the polarization error. The technique i« 
rapid and accurate. 

The flgure of merit proposed by the NBS and 
measured by the method! given in this report 
li the pickup ratio, h/k, of the direction finder, 
A practically equivalent figure of merit ia the 
horizontal wave error, as previoualy defined. 
The equation tan k h Is the usual one 
given and la a means of translating the pick¬ 
up ratio into an actual hearing error for an 
incident wave. The pickup ratio allows a direct 
companion of polarization error for all direc¬ 
tion finders following the same equation for 
polarization error and working on the same 
field components. The complete curve of polari¬ 
zation error versus, angle of elevation of the 
incident wave should be used to compare the 
accuracy of antenna aystems following differ¬ 
ent laws for polarization error. The pickup 
ratio is especially valuable for comparing the 
accuracy of direction finders because it ia a 
fundamental d-f constant which is Independent 
of the ground constants and the height of the 
antenna above the ground. In the case of buried 
U-antenna systems this constant is indepen¬ 
dent of the depth of the feeders below the 
ground even though the accuracy may be 
greater when the depth is increased, just aa the 
accuracy of those systems above the ground, 
which are designed to suppress response to E 
is increased by lowering the height of the an¬ 
tenna. Once the pickup ratio in measured, the 
polarization errors for any downcoming wave, 
such as the "standard wa-..” may be calcu¬ 
lated for any antenna height or ground con¬ 
stants. This enable* a study to be made of the 
optimum antenna height and ground constants 
for lowest polarization errors. 

On the basis of such studies It wan shown 
that the polarization error of a direction finder 
designed to utilize the E, component of the in¬ 
cident wave and to suppress response to E. 
components should be located over ground hav¬ 
ing the highest possible index of refraction. 
The choice of such a site requires methods of 
measuring the ground constants of proposed 
sites. A method was developed for this meas¬ 
urement which uses a field-intensity meter hav¬ 
ing a loop antenna. This method is easy to use 
and uncritical in its application. By measuring 


the ground constants at various points of the 
site, as indicated below, a (eat ran be made of 
the subsurface homogeneity of the site and 
therefore its suitability from the standpoint of 
local site errors. Such methods and tests are 
becoming of greater importance because of the 
improved accuracy of newer types of direction 
finders. It is posaihle that polarisation errors 
may eventually be reduced to the point where 
the bearing errors caused by the site may bo of 
relatively greater importance. In this respect 
it may be Important to use direction finder* 
having Inherently lower susceptibility to site 
errors caused by local reradiation. This re¬ 
search has shown that the spaced, horizontal 
ioop-antenna direction finder should be rela¬ 
tively insensitive to reradiation errors because 
of the rapid attenuation by the ground of the 
horizontally polarized fields reradiated by sur¬ 
rounding objects. 

m DIRECTIONFINDER SITE PROBLEMS 

The problems connected with d-f sites are 
numerous and complex, They may be classified, 
broadly, into two groups. The fxrat group con¬ 
cern* the bearing errors caused by the *i‘e it¬ 
self, that is, errors caused by deviation of the 
wave front or by re radiation. The second group 
concerns the effect of the site on (1) the direc¬ 
tion finder or (2) the principal field at the di¬ 
rection finder. By (1) is meant the effect of 
the site in unbalancing the d-f antenna system, 
while by (2) is meant the effect of the site in 
suppressing undesired field components because 
of the interference between the direct and 
ground reflected waves. Furthermore, site er¬ 
rors can be classified as local or remrie depend¬ 
ing upon the distance of the source of the site 
error from the direction finder. Corresponding 
to thi.T division into groups, the following dis¬ 
cussion will take up the problem* connected 
with the choice of a direction finder having the 
lowest susceptibility to site errors caused by 
reradiation, and those connected with the 
choice and testing of a suitable site. These site 
problems have recently assumed greater impor¬ 
tance *a a result of the improved accuracy of 
newer type* of direction finders. It is possible 
that, excluding errors raused by lateral devia¬ 
tion, d-f accuracy will no longer be limited by 
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type. Is believed to be relatively free from locsl 
site error. 

This direction finder I* designed to take s 
bearing on the K, component of the incident 
field while ideally It should have no response 
to E,. In general, reradiated E, field compo¬ 
nents will be so severely attenuated by absorp¬ 
tion in the ground that the reradiated E, field 
Intensity at the site will usually be very small. 
This is true even if the spaced horizontal loop- 
antenna direction finder ia used at its optimum 
height k/i above ground. Figures 4 and 6 show 
that E, will in general be equal to or greater 
than the perpendicular component In the Inci¬ 
dent wave, E..i. At this height, therefore, the 
effect of ground reflection on E, will not be one 
of suppression. However, the field intensity at 
smaller heights will be decreased by the ground 
reflection so that reradiating objects at theoe 
smaller heights will have their effectiveness as 



Fun HE 14. Absorption of plant radio waves in tarth. Solid lines, lend; dotttd lint*, wttar. 


type, is believed to be relatively free from local 
site error. 

She Error# 

Bearing errors caused by imperfections of 
the site have been classified a* local or remote, 
although there Is no shsrp dividing line be¬ 
tween these two groups. Remote site errors are 
usually caused by the character of the terrain. 
Large obstacles In the path of the wave, such 
as mountains, give rise to diffraction which 
results in s deviation of the wave front. Local 
site errors are caused by reradlation or reflec¬ 
tion from nearby trees, wires, cliffs, etc. The 
random summation at the direction finder of all 
the reradlated waves gives n field which results 
In bearing errors. This distorting field can 
change rapidly with smalt changes of azimuth 
or frequency of the incoming wave.” 


Local site errors can be reduced by choosing 
• •'l»ar, flat homogeneous tract. However, it Is 
also dear that certain types of direction finder? 
will be less susceptible to ’.seal alto errors than 
others. The spaced, horizontal loop-antenna di¬ 
rection finder, either of the fixed or rotatable 


sources of site error reduced. Furthermore, for 
reradiatlng sources at a distance of approxi¬ 
mately 800 feet, the E, component of the 
field will be attenuated two to ten times as 
much es reradiated E, components. Therefore 
in comparing the horizontal loop-antenna di- 
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rection finder with boae type* designed to re¬ 
spond to the £', component, it i* clear that -or 
equal fletd intensities In a downcoming wave, 
the total desired field will be approximately 
the same for the two types (used at optimum 
heights), while reradiated field intensities ca¬ 
pable of causing bearing errors will be much 
less for the horizontal loop-antenna system, 
Thii comparison is made on the basis of equal 
amounts of energy reradiated from the dia- 
turbing source for the two cases, 

Required Depth for Buried Cables 
It is very convenient in many direction flnd- 
er» to be able to run cables, power lines, or tele¬ 
phone lines near the d-f antenna system. To 
avoid site errors caused by reradiatlon from 
such lines it ia necessary to burv them an ade¬ 
quate distance below the surface of the ground. 
Figure 14 shows the absorption of plane radio 
waves in earth for various ground constant* 
and for frequencieo up to 1,000 me. The dis¬ 
tance in feet required for an attenuation of ten 
to one is ahown on thl* diagram. Iti* interesting 
to note that the ultra-high frequencies are ab- 
aorbed only slightly more than frequencies in 
the standard broadcast band in passing 
through media of average conductivity. 

The field intensity at a depth a below the 
ground for a plane wave incident on the sur¬ 
face will be determined not only by the absorp¬ 
tion of the wave but by the reflection at the 
surface. Previously, equations were given for 
the total field Intensity at a height z above the 
surface. The field Intensity at a depth A directly 
helow the field point considered previously will 
be given by* 

(!+«,) (cos *) f (*«a) (.U.*+s W*), 


(I + /?,) \Zn'~-w?+ r («"'*) + 4 

E. «=#■:.> (1+ff.t t (w/O («• ** Vii-•“■♦). (144) 

~< Equation. (70) to (1*1) inclusi»« of <** « Sn * l r »- 
nort> in not given in thim summary. The origins! 
equation numbers ire retained haw, however, for 
ease In referring to the original. 


Here the aubacript t Indicate* the transmitted 
wavs. The term 2»z(sin *)/A in th e above 
equation* relates the phase of the transmitted 
wave to that of the incident wave at the height 
* above the ground. The attenuation factors in 
equations (142) to (144) may be determined 
from Figure 14 by identifying d with A and A 
with K cos' Thi* follows from the fact 
(hat the attenuation factor of a pisne wave ia 
given by where 


The absorption coefficient A may be determined 
for the case where d is expressed in feet simpiy 
by dividing the constant 2.303 by the distance 
in feet as given in Figure 14. 


• • A METHOD OF MEASI RING GROUND 
CONSTANTS 

In choosing a site, it la desirable to have 
available quick and sensitive method* for test¬ 
ing it* suitabJity without actually setting up 
the equipment and making bearing teat*. For 
thi* purpose, vlsuai observation of the flatness 
and freedom from reradiating objecta of tne 
proposed aite is not sufficient, because tne aite 
must also be electrically homogeneous below 
the surface and must alao have electrical con¬ 
stants falling within certain limits for best 
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results. A downcoming ionospheric wave may 
penetrate a considerable distance into the 
ground so tint inhomogeneities located beiow 
the surface may reflect the waves strongly 
enough to cause bearing errors. To reduce this 
effect a site should be chosen over ground hav¬ 
ing as large an index of refraction as possible, 
such as a salt marsh. However, high conduc¬ 
tivity and dielectric constant are aiso desirable 
from another standpoint. The site haa a strong 
effect on the principal Held at the direction 
finder because the total field is the vector sum 
of the incident wave and the ground reflected 
wave. This vector sum is termed the principal 
field in order to exclude fields generated by re¬ 
radiating objects near the site. If the direction 
finder Is designed to take a bearing through its 
response to K, field components while ita re¬ 
sponse to H . is suppressed, then it is desirable 
to locate the direction finder over a site having 
ground constant* such aa to suppreaa £. a* 
much as possible. It haa been shown in preced¬ 
ing sections that ground having a high index 
of refraction suppresses E. at points near the 
surfuce. Such ground also hslps to screen 
buried lines and cable so that reradiation errors 
are reduced. All these considerations .ndicate 
that a quiik method of testing a proposed site 
for aubsurfsce electrical inhomogeneities and 
of measuring its electrical constants would be 
useful. NBS haa considered a method of testing 
for inhomogeneities which uses a local oscil¬ 
lator and antenna near the ground. The varia¬ 
tion over the fife of the impedance reflected 
into the oscillator circuit by the ground reflec¬ 
tion gives a teat of the homogeneity of the site. 
Either the variations In the plate current of the 
oscillator or of ths oscillator frequency could 
be used as an indication of homogeneity In 
these teats, 

An alternative method of testing a site is to 
measure the ground conductivity snd dielectric 
consts nt at various points of the proposed site. 
This method would not only determine the 
ground constants but also give a measure of 
the subsurface homogeneity of the site. Previ¬ 
ous methods of measuring ground constants 
made use of electric antennas with their at¬ 
tendant difficulties. A new method of measur¬ 
ing ground constants by means of a standard 
field intensity set using a loop antenna, such as 


the RCA 308-A, will now be described' because 
of ita application to the problem here consid¬ 
ered. 

In the previous discussion expressions for 
the fields generated by electric and magnetic 
dipoles near the ground were given for both 
vertical and horizontal dipoles. Equation (54) 
for the magnetic vector for the case of a ra¬ 
diating vertical magnetic dipole can be written 
as follows for the fieid intensity at the surface 
of the ground (z = 0); in this caae r, = r s - r 
and + and we obtain 

H, - //„. cot i 

[{1 + R.) + (1 - 
(cos fk + v"»* - cos^d) (148) 
where x - 0 and d > A. 

Equation (148) shows that at the surface 
of the ground both the apace and aurface wave 
components have the same polarization. Ths 
particular polarization of the magnetic vector 
and its forward tilt will depend on the ground 
constants and, if determined, give a means of 
measuring the ground constants. Thia is also 
true of the polarization and forward tilt of the 
electric vector E, in the field of a radiating 
vertical electric dipole. However, in this case 
measurements of the electric vector would have 
to be made using electric dipole receiving an¬ 
tenna*. Such measurements are difficult to 
make accurately because of disturbances to the 
electric fieid by the field-intensity meter and 
operating personnel. Therefore the new method 
based on measurements of H, gives a prefer¬ 
able method of determining the ground con¬ 
stants. 

Equation (148) may be written as follows: 


If wp write 


__em* __ __L 

ar * - v '„>- - c>*iy ” \'K T 1 • 

r-JL, 

V- 

COH* V 

and K is the dielectric constant of 


Tft.r .(««» 
(151) 


(152) 

the ground 
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while X = 1.797 X 10‘V.«.//.„ then equation 
(149) become* 

K, H,< [d CO* + kacoe («< + #»)]. (153) 
The above equation shows th»t the vector mag¬ 
netic field from a vertical magnetic dipole ro¬ 
tate* in an ellipse in the plane of incidence with 
it* major axia tilted a few degree* above the 
horiaontal. The magnetic vector reache* it* 


Figure 15 show* $ and r an a function of X' 
for 5, 10, 20. and 80. 

The procedure for determining the ground 
constant* from the above reauita ia as follows. 
A amall tranamitter is used with a loop antenna 
which la set up with ita axis in the plane of 
incidence at a diatancc greater than A from the 
point at which the ground eunatant* are to be 
determined and at * height such that an eaally 



maximum extension when ~ -I and Its 
minimum extension when »( - -1 + <w/2) 
where 

ton I - + *f a - •)■ (1M) 

. _ _?* wn —. (Iasi 

2 (1 + o’ cos 2d) 

The meaaurable properties of the ellipses are t, 
the tilt of the major axis above the horiiontai. 
and r. the ratio of the minor to the major axia. 
tan f - n (cos fi + sin p tan 4), (1M) 

r = tan t cot A (157) 


measurable field Intensity Is obtained at the 
receiving point. Figure 15 tiao shows a dia¬ 
gram of the experimental setup. Using a rteld- 
inti natty meter with a loop antenna set up In 
such a manner that It can be rotated about an 
axis perpendicular to the plane of incidence 
but with the loop axia always lying In the plane 
of incidence, measurement* are made of 9 and 
r. The loop antenna of the field-Intensity meter 
ia to be placed as near the ground as possible 
because this procedure is based on equation* 
derived for the c**e z = 0. Having measured 9 
and r, a corresponding act of values of fC and 
X' may be determined from the curves given in 
Figure 15. Finally K and e are determined by 
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mean* of equations (181) and (152) as fol¬ 
lows: 

If « K‘ cos' * 088) 

» X’ cos' V ■ /- ' 6.664 X lfr" emu. (169) 


At very high frequencies, X' wlU be small and 
we may write 


2r 

aio ’t tan I' 


(161) 


where X' c. < (K' -1). 

Equations (1(50) and (161) show that the 
dielectric constant If may be determined at very 
high frequencies simply by measuring t while 
a determination of * requirea a measurement 
of both » and r. This ia also evident from Fig¬ 
ure 15. At very low frequencies where X' la 
large, Figure 16 shows that the curves of e and 
r are Independent of the dielectric conatant but 


either curve allows a determination of X' and 
therefore of a. For this case 



where X' << ( K’ -1). Equation (162) alao 
showa that the dielectric constant can not be 
measured at very low frequencies. However, this 
is no defect of the method since the dielectric 
constant has no appreciable effect on wave prop¬ 
agation at these low frequencies. As shown in 
Figure 16 the measurement of the ratio r of the 
minor to major axis of the polarization ellipae 
can be accurately made by mcana of a loop 
antenna and field-intensity meter provided only 
that the loop antenna is free from "antenna 
effect." This may be stated quantitatively a. 
follow*: the ratio of minimum to maximum 
reading in a linearly polarized magnetic field, 
auch aa is generated by a vertical electric an¬ 
tenna, muat be much less than r. 
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Pulua were transmitted from Puerto Rico and re- 
eeivari at Holmdel, N, I., on a highly directional Muae 
•yiiem. Meaiurementa indkatad that direction Andinj 
on the It rat pulse of a pulse aroup jrave slamAtantly 
more accurate results than ordinary dlractlon-Aridlng 
methods, a fact of considerable value in Ions-rang* 
loran systems. Practically all tbs contractor's Anal 
report’ is contained in this summary, 

11 OBJECTIVE 

T HIS project * had as It* objective the confir¬ 
mation of certain idea* concerning the pos¬ 
sibilities of long-distance short-wave direction 
finding and in particular the idea that there 
were time when measurements made on the 
first pulse of a pulse group would give a more 
accurate determination of the bearing of a sta¬ 
tion than would be obtained by ordinary d-f 
means, 

Another object of the project was to obtain 
evidence aa to what percentage of the time 
during which energy arrived ovor pathi devi¬ 
ated from the great circle, energy also arrived 
over great-circle paths >n aulticient amounts to 
operate a d-f system. For the period covered 
by the observations this condition existed for 
80 per cent of the time, 

DIRECTION FINDING 
SOURCES OF ERRORS 

When energy is received over two or more 
paths, errora can be produce! id certain type* 
of ahort-wave direction *'vt even If the 
patha arc all confined to the piine of the great 
circle passing through the transmitter and d-f 
locations.* These errors result from the fact 
that interference cf the different components 
with one another produce* instantaneous fields 
at each element of the anteuna system, the 
phases and amplitudes of which are not deter 
mined aoiely by the wav; direction and the 
geometry of the antenna system. 

•Project C-38, Contract No. OEM-r3IO, Weatern 
Electric Company. 


Furthermore, if one or more of the paths is 
deviated from the great circle, then practically 
all direction finders will give erroneous bear¬ 
ings. The extent of the errora and the per¬ 
centage of time that they exist will depend 
upon the relative intensities of the components 
arriving over the varioua paths. Appreciable 
errora can be obtained even when the great- 
cirde energv is greater titan that arriving over 
the deviated paths. 

Studies of ahort-wave radio transmission 
across th* North Atlantic have disclosed two 
types of transmission phenomena which would 
produce such errors, During severe magnetic 
atorma large amoiinta of energy hava been ob¬ 
served arriving from the transmitter over 
patha which were widely deviated from the 
great-circle plane between the transmitter and 
receiver. At such times it has occasionally been 
observed that small amounts of energy arrive 
over a great circle path. At other times, during 
more or less normal transmission periods and 
on relatively low frequencies when energy ar¬ 
rives over several different patha, it has been 
observed that nergy which ha* suffered sev¬ 
eral reflections at the Ionosphere may be devi¬ 
ated appreciably from the rreat circle, whereas 
that which haa suffered only a very few reflec¬ 
tions will be deviated only very slightly If at 
all. Where d-f methods provide no opportunity 
of separately identifying the great circle and 
deviated path components, errors might there¬ 
fore be anticipated during undisturbed ss well 
ms disturbed tra emission periods 

By the use of short-pulse transmissions It ia 
generally possible to separate the components 
transmitted over different paths on a time 
basis and accordingly to measure the direction 
of each path. When the different patha are all 
confined to the great-circle plane, direction 
finding on any of the puises should therefore 
result in an improvement since those errors are 
eliminated which are caused by the Interfer¬ 
ence of the various component* with one an¬ 
other. However, if all of the paths are not con- 
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fined to the great circle, and if the puiie upon 
which the measurements are made is chosen 
at random or because it is the strongest, errors 
in bearing would stili be obteined. On the other 
hand, if the first pulse of a group is chosen it 
shcRid generally give the most accurate bear¬ 
ings since It wili have traveled over the most 
direct path. The work covered by Pro'»ct C-85 
wns undertaken to verify this conclusion. 

*■ EXPERIMENTAL PROCEDURE 

Pulses were transmitted from the University 
of Puerto Rico with equipment made available 
and maintained in operation through tho efforts 
of G. W. Kenrick. A small rhombic antenna 
directed towards New York City was used. The 
bearing of the tranemltter from Hoimdel is 
160” measured clockwise from true north and 
1,581 miles distent. The transmitted pulses 
were 100 microseconds long and had a paak 
power of about 1 kw. The recurrence rate was 
60 per second except for some of the prelimi¬ 
nary experiment# when rates of 20 and 30 par 
second were used. 

Measurements on the direction of arrival of 
the individual pulse* were made with the 
Hoimdel Musa receiving equipment in accord¬ 
ance with a procedure described in a previously 
published paper.* As pointed out in that paper, 
two sets of antennas with different axes of 
orientation can be used in connection with the 
Musa equipment to determine the actual direc¬ 
tion of arrival of the waves in epace. For theae 
experiments only two antennas of each set 
were used instead of the uaual six and the 
phase shifters were adjusted for cancellation 
instead of addition. This permitted the use of 
two widely spaced antennas of each set thereby 
giving greater accuracy In the bearings. Check 
measuremente were made occasionally with 
closer antenna spacing* (adjacent antennas) 
in order to avoid ambiguous results. The band 
width of the receiving equipment was sufficient 
to pass the pulses as transmitted without ap¬ 
preciable alteration in their shape. 

Puises were transmitted on three different 
frequencies; 17.810, 7.175, and 6,426 ke. Dur- 
Ing the first month puises were transmitted on 
17,310 kc during the daytime and on 6,425 kc 
during the evening and nighttime hours. Ob¬ 
servations were mede during two hours in the 


morning and two hours in the evening for three 
days a week. During the last two months the 
schedule was ehanged. Pulses were transmitted 
continuously on 17,310 kc for the first haif of 
each week and on the lower frequency during 
the second half of each week, thus psrmitting 
observations to be made or either frequency 
during any desired hour of the day or night. 
During these last two months speciai attention 
was paid to the transmission conditions exist¬ 
ing during the sunset pariod since it had been 
observed that rather wi.!e deviation* in 5 
direction of arrival occurred at that time. 

The 7,175-kc frequency was substituted for 
6.425 ke during the last few weeks of the teats 
because the interference on the latter fre¬ 
quency became so severe that reliable measure¬ 
ments could not be obtained. 
s« RESULTS 

Measurements were made between January 
12. end Mareh 28, 1942, Inclusive, on a totel 
of 185 pulse groups on 17,310 kc and "n 87 
pulse groups on 6,426 and 7,175 kc, the data 
taken on these last two frequencies being 
grouped together. Some of the pulse groups 
consisted of only one or two distinct puises 
while other* consisted of live or six or more 
pulses, some of which overlapped to such an 
extent that the individual pulses were indla- 
Hnguieb*bie. Of the 186 groups measured on 
17.310 kc only 6, or 2.7 par cent, contained 
pulses which arrived over paths deviated by 
more than 2 from the great-cirele path to the 
transmitter and the maximum deviation was 
only 3°. Of the 87 groups measured on 6,426 
nnd 7,175 ke, 86 or 40 par cent conteined pulses 
which arrived by paths deviated by more than 
2° from the great-circle path, The greatest 
deviation measured wa* 12.6°. These results 
are shown graphically in Figures 1A and IB 
where the deviations from the true bearing are 
plotted as abscissas and the number of pulse 
groups containing pulses with a given devia. 
tlon are plotted as ordinates. Since the experi¬ 
mental error varied from 1,5° to 2°, depending 
upon the frequency used, observed deviations 
of 2° or less are not considered as significant 
and accordingly are not shown on theae graphs. 

Four of the five pulse groups on 17,310 kc 
and twenty-nine of the thirty-five on 6,425 and 
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7,176 kc which were observed to contain pulse* 
which arrived over deviated paths also con¬ 
fined pulses which arrived earlier and over 
path* deviated by not more than 1 - In some 
of theae caaea the energy arriving over the 
deviated paths was appreciable so that bearing 
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Ftouait 1. P«rcenU(t« of pulae rroupi e-onUintn* 
pular* deviated from great circle. 

measurements on the lirat pulse of the group 
would have given significantly more accurate 
bearing! than ordinary d-f measurements. In 
the remaining one of the five 17,310-kc groups 
and in the remaining six of the thirty-five 
lower frequency groups, no earlier true bear¬ 
ing pulses were observed within the time limit 
of thirty minute# allowed for the measure¬ 
ments to be considered si including only s 
single pulse group. It is entirely possible that 
even In these few cases there were less deviated 
paths that would have become evident hsd 
higher-powered pulse* been * variable 

• • DISCUSSION 

Aside from the improvement to be gained 
by direction finding on pulses in general, it was 
found that, under similar conditions a* to path 
length and location, direction finding on the 


initial pu'se on frequencies around 17 me would 
result in. only a very alight improvement in 
accuracy, but on the iower frequencies the im¬ 
provement would at time* be appreciable. 

This lack of expected improvement on the 
high l. .quency reaulta from the fact that the 
transmission on theae frequencies ia generally 
confined very cloaely to the great-cirele plane. 
This 1s in accord with previous experience 
that, in gcrsral, the higher frequencies are 
better than the lower frequencies for d-f pur¬ 
pose*. This teems to bo true, not only during 
normal undisturbed days, but also during mag¬ 
netic storms, the reason probably being thst 
h-f transmission take* place by lower angle 
paths with fewer reflection* *t the ionosphere 
so thst it is leas adversely affected by varia¬ 
tions In that medium. 

During the period over which theae experi- 
menta were conducted there was only one short 
severe magnetle storm and no measurements 
were taken during the height of that storm 
Observations mads during the following days 
and during other slightly disturbed periods In¬ 
dicated that for this particular peth the only 
effects were a decrease in fleld strength* and u 
very alight increase In the number and extent 
of the delations observed on the lower fre> 
quencie*. Thla lack of a pronounced magnetic 
storm effect is not inconsistent with previous 
observation*, for it has been observed that 
radio path* which paas near the magnetic poles 
are In general much more severely affected by 
magnetic disturbance# than those paths which 
are distant from the poles. If more conclusive 
evidence of the improvement to be expected 
during disturbed periods by initial pulse meas¬ 
urement* is desired, it is believed that pulse 
transmissions over a path much nearer the 
magnetic pole than the one used for these ex¬ 
periments will have to be studied. 

In the light of past experience with continu¬ 
ous-wave transmission over the North Atlantic 
path and present experience with the pulae 
transmission* from Puerto Rico, it is felt tha* 
it can safely be predicted that direction finding 
on the flrst pulse will give a significant im¬ 
provement in accuracy for a large percentage 
of the time during magnetic torma for trans¬ 
mission paths near the magnetic polea, 

Those engaged in short-wave d f research 
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recognize that one of the moot severe conditions 
under which direction finders must operate oc¬ 
cur* when the d-f location 1* ju»t outside the 
ground-wave r«nge of the transmitter »nd still 
so close to it th*t the ionospheric wave* arrive 
at very high angles of incidence. Under such 
conditions the sensitivity of most direction 
Anders to ths desired polarization Is very low 
so that any error* caused by spurious pickup 
are greatly accentuated. Furthermore any 
slight irregularities in the ionosphere can cause 
the path of the waves to be deviated consid¬ 
erably from the great-circle plane. If the 


ground-wave range were extended considerably 
for auch caaes by Increasing the peak power 
of the transmitted signal, aa can be done using 
the modem pulse technique, end if bearing 
measurements are taken on the first or ground- 
wave pulse, ronaiderable Improvement in ac¬ 
curacy would be expected. To teat these conclu¬ 
sions would require a high-powered pulse 
transmitter located relatively cloae to the re¬ 
ceiver location. The experiment* discussed 
above do not apply to this case at all since the 
distance was entirely too great for the ground 
wave to be effective with the power used, 
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Chapter 4 


ULTRA-HIGH-FREQUENCY DIRECTION-FINDING STUDY 


Study of Ui*ot*tle*l and practical aspect* of wide¬ 
band directive antenna* for directlon-Andlna [d-f] oee 
In 150- to SOO-rnc region lad to envelopment of two an¬ 
tenna*—a eorner reflector arrangement »nd a not 
t-aflector, In each no* w'th the array before the re¬ 
flector. Proper yhaain* of array element* before th# 
flet reflector rotated the directivity In eiimuth. De- 
aign of e traniformar for eonvcrtmg » balanced to an 
unbalanced ayatem, um of new method* for evaluating 
polariaition error* and for meiaurfna electrical ebar- 
adenetira of th* ground, and atudie* of th* impedance 
characterlatiea of cylindrical dipole* of large trane- 
verae dimenaion*, formed a part of thia atudy, Th* 
project* i* reported rather fully hero, the rhiaf abrtdge- 
mant of th* contractor'* Anal report 1 lying in th* 
omit* km of certain photograph* of in* equipment end 
certain chart* that rawmbled cloeely thoa* reprodn-ed 
heroin. 

*.i INTRODUCTION 

P aiox TO World War II, d-f systems operating 
In the u-h-f region were generally of the 
elevated H, fixed or rotatable, Adcock type. 
Their properties had been extensively studied 
and were well known. On the other hand, later 
work with certain typea of array* and their 
application to radar and closely related field* 
Indicated that improved ayatem* having con- 
•iderably higher gain and broad-bond response, 
particularly where portability waa an impor¬ 
tant factor, couid be devised for d-f uae. 

The studies in this project, therefore, con¬ 
sisted of the deoign of reflectors and arrays of 
thu corner- and flat-reflector types; of means 
for rotating the directivity of the flat reflector 
by phase adjustment of the array elements; of 
the use of csthode-ray oscilloscope* for visual 
indication of bearing including electrical cir¬ 
cuits for obtaining CRG pattern* easily inter¬ 
preted; and, flnaily, some comparative studies 
of a differentially connected V array and the 
conventional elevated H Adcock. 


*J RESEARCH FACILITIES 

The aita selected for this atudy is iocated on 
flat farm land near Medford, New Jersey, in 
an area known geologically as the Middle Marie 
Beds The land is chiefly soil with amali pro¬ 
portion* of sand and day *nd is fcro-rv to be 
homogeneous to a considerable depth. A 10x12- 
fcot building was arccted to house the equip¬ 
ment and a 90-foot pole and rigging was in¬ 
stalled for making the polariiatlon error meas¬ 
urements. So far a* possible the building was 
constructed of nonconducting material*. Wood 
and masonite were used as the basic materials 
and. with the exception of removable metallic 
window screen-, metallic reflecting aurface* 
were kept to a minimum. The pole for support¬ 
ing the polarisation teat transmitters was 
equipped with a removable carriage raised or 
lowered by means of a windlass. Wooden 
dowel* were used In place of naii* or bolt* in 
all the structure above a Axed platform sur¬ 
rounding the pole and located at the same auc¬ 
tion as tha roof of the test house to permit mea¬ 
surements at horitonUl Incidence of the array 
located on th* rcof. 

It was found iater that compiatc jilminatlon 
of metallic object* in the construction of the 
equipment on the pole was not necessary at the 
frequencies used, and that metal could have 
been employed in limited amount* In the wind¬ 
lass and possibly in the pulleys. Th* effect* of 
the metallic window screens were negligible 
since the acreens wore not In the line of the 
direct or ground-reflected waves at the trans¬ 
mitter. Presence or positions of person* or ob¬ 
ject* In the test house had almost no influence 
on bearing* from the two type* of arrays 
tested. 

Power obtained from line* @00 fedt sway 
esme to the pole in a shielded conduit buried to 
a depth of 18 inches and to a depth of two feet 
between pole and house. A six-conductor line 
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between house and pole (to provide meter out¬ 
lets at the house for circuit* located at the 
pole) tvaa buried to u depth of two feet in a 
trench containing the telephone circuit. The 



Fiouae 2. Carri*f« employed for Hoisting trsns- 
roitte- for making polarisation meaturemenU. 


discontinuity in the ground characteristics 
caused by the buried cables was not serious as 
subsequent site error measurements proved. 


*•** Receiving Equipment 

The receiver was an experimental mode! 
SCR-616 supplied by the Eatontown Signal 
Corps Labors too’. It covered the bands 150-300 
and 300-600 me. It consisted of a superhetero¬ 
dyne receiver with one r-f stage on the iower 
frequency band and no preselector ou the 
higher band. The input wa* designed to operate 
from a 95-ohm balanced line. Satisfactory re¬ 
sults were obtained In most cases by opersting 
the receiver from an unbalanced line. 

The receiver had good performance charac¬ 
teristics for the service required. It was fitted 
with an a-f Injection oscillator to modulate the 
intermediate frequency to produce an audio 
component when receiving pure c-w. The re¬ 
ceiver sensitivity, expressed In microvolts to a 
95-ohm dummy antenna, modulated SO per cent 
at <00 cycles required to produce a change In 
output voitage of two to one with carrier on 
and with modulation on and off respectively, 
was approximately 5 microvolts on the iower 
frequency band and 16 microvolts on the higher 
band. 

*•** Measuring Equipment 

A slotted transmission line was employed for 
impedance measurements and for a wide range 
of other necessary measurements. A microam¬ 
meter equipped with a tilted mirror was found 
convenient for making observations when It 
was mounted on the elevated car iage and read 
with the aid of high-powered prism binoculars 
from ths ground. A General Radio power os¬ 
cillator covering the range of 150-600 me fur¬ 
nished signals. 

V.l ARRAY 11 DIPOLE PER SCRKftM 

The V type of antenna system consists of 
two similar linear cophasal broadside arraya, 
esch placed in front of one aide of an angled 
reflector. The two arrays have mirror-image 
response patterns, each nearly symmetrical, ex¬ 
cepting that one is rotated in azimuth with ref¬ 
erence to the other by an angie equal to the 
angular displacement of ila reflector from the 
plane of the other. The direction of maximum 
response of each array is normal to the corre¬ 
sponding reflector. See Figures 3A and B. 
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It may be observed that the pattern* of the 
two arrays can be made to intersect at some 
desired point, depending on the angle of the 
reflector. This intersection represents equal re- 
aponie ot the two arrays, and may be used as 
a bearing indication if the amplitudes are auit- 


FlOCBB 3. A shows typical V array B shows 

typical response pattarno of Individual antannaa. 

ably compared in associated Indicating equip¬ 
ment. A number of indicating method* are 
available and are discussed later. 

Two collector systems of thia general type 
were atudied, the drst consisting of one dipole 
before each reflector (V-l), and the second 
having two dipoies In front of each reflector 
fV-2). Larger numbers of cophasai antennas 
per screen are possible, but were not atudied 
because the resulting size in the low-frequency 
band was considered excessive in view of porta¬ 
bility requirements. On the higher-frequency 
band, twice the number of elemeiit# may be 
used without exceeding the size of the low- 
frequency array. 

A large portion of the experimental work in 
this project was done on the V array having 
one dipole per reflector, and while thl* array 
has the least favorable performance of all con¬ 
sidered, most of the information obtained was 
uaeful in carrying out the examination of the 
other arrays. 

Reflectors 

The first problem presented was the deter¬ 
mination of reflector size and mesh. The experi¬ 
ence of other groups engaged in antenna re¬ 
search indicated that a reflector ap. oximates 
a perfect piane conductor of inflnite extent if 
the dimensions are auch as to exceed by one- 
eighth wavelength in ail directions the maxi¬ 


mum dimenaiona of the array with which it is 
used at the lowest frequency of operation, pro¬ 
viding that the amailest dimension of the array 
Is at least one-hsif wavelength (x/2) at this 
frequency. A maximum spacing of a/ 20 be¬ 
tween members making up the screen at the 
highest frequency to be used was indicated, 
with tbe length of the elements oriented along 
the direction of desired polarization. Tbe pres¬ 
ent study verified the adequacy of these limits. 
An Increase in the screen sise above this figure 
resulted in smaii performance change. Substi¬ 
tution of high-conductivity fine mesh screen 
also resulted in no material improvement in 
performance. 



The screens used were fabricated of 3/16- 
inch alainieti steel tubing, spaced two inches 
apart, and made in sections so that the overall 
size was easily adjustable. The member* sup¬ 
porting tlie dipole assemblies were designed to 
permit adjustment of the spacing between 
alpolca, and the apacing to the screen. The 
assembly was copper plf ‘ed and protected by a 
coating of enamel. See Figure 5 for dimensional 
drswing. 
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4M Dipole Dimension* and Impedance active and reactive component#. The efficiency 

Characteristics at * ner W transfer from the dipoles to the 

utilization circuits depends on the impedance 
The determination of proper dipole dimen- match through the system (aside from line 
sion* required considerable attention. The losses) ; it was therefore necessary to eitabliih 
porameters chiefly affected by the dipole climen- some criteria to guide the work toward obtain- 
hiona are the radiation impedance and ita re- ing a desirable characteristic. 
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DIMENSIONS IN INCHES 

FlnL'RE S. Essential physical dimensions of dipols and its reflector. 
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The Input circuit* of receiving equipments 
Id the range of frequencies covered, 150-600 
me, differ markedly from lower frequency 
equipment in th»t power ii generally consumed 
in the former due to *n input imped*nee char- 
acteristic which may reach low values. Thia h 
due primarily to Units electron transit time 
effects which depend on the size of the Ar*t 
amplifier tube, it* reometry, *nd electrode volt¬ 
age*. The input conductance varies directly 
with the square of the frequency. A* a con¬ 
sequence receiving equipment* may have widely 
different Input impedance characterises, and 
the Input imped*nee of a receiver will generally 
*how a large variation over a two-toone fre¬ 
quency range. Thi* impedance i« primarily re¬ 
sistive since ths circuit la utually tuned. With 
an anUnn* and receiver whoao lmpcdancer are 
different functions of frequency, a matched con¬ 
dition can not be realized with a fixed trana- 
miasion line over a wide band of frequenciea. 
In moat cases the condition for beat * Ignat to- 
noiae ratio corresponds to the condition of 
maximum power transfer. Thia latter condition 
requires that at any point in the ayatem the 
Impedance in one direction must be the complex 
conjugate of the impedance In the other direc¬ 
tion. 

In view of these facts it 1* considered Im¬ 
possible to act up absolute criteria for the Im¬ 
pedance characteristics of an antenns array 
without a complete knowledge of the equipment 
with which it 1» to be used. An alternative 
which ia thought to be satisfactory is to ap¬ 
proximate a uniform resistive impedance 
through the rang*. Ths mismatch between thia 
snd a suitable transmission line should not be 
too severe. The input circuits of receiver* ip- 
pear to offer a greatsr degree of flexibility for 
applying means to manipulate impedance char¬ 
acteristics, and »n attack of the problem in thia 
direction should more readily yield the desired 
result*. It is not unlikely that Incomplete in¬ 
formation in the hand* of receiver designers on 
wide-band antenna impedance characteristics 
is one of the chief reasons why such large 
variation i* encountered In the input circuits 
of receivers. In comparison two of the systems 
developed in this project, the V-2 and flat 
array*, show much smaller variation*, while 
the variation of the V-l la of the same oeder as 
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s representative receiver covering ■ similar 
frequency range. 

The pi eliminiry design work on the corner 
array en visioned the use of dipole* mounted by 
metallic tube* supporting each half, the two 
tube* forming In effect a parallel wire trana- 
mieaion line shorted at the reflector surface. 
Electrically this represents an almost pure re¬ 
actance In ahunt with the radiation impedance 
of the dipole This shunt reactance was ex¬ 
ited to eancel partially the radiation reac¬ 
tance of the dipole; the length and charac- 
teriitlc impedance were chosen »o a* to accom¬ 
plish this. 

Preliminsry measurement* ahowed large dis¬ 
crepancies between actual and expected results, 
due largely to insufficient Information on the 
characteristics of cylindrical dipole* of large 
tranaverse dimensions, the design work having 
been based on prolate spheroidal dipoles. Also, 
the effect of the reflector w»* not fully ac¬ 
counted for. The results of subsequent theo¬ 
retical Investigations on these points are given 
below. 

As a result of Information obtained in these 
measurements, It "'** decided to change the 
design to a single-vapport, insulated dipole, 
uaing twin coaxial cables for Interconnection, 
Thi# eliminate* the ahunt reactance of the 
double support, and replace* it with the much 
higher reactance of a single insulated support. 
Thia balanced configuration wa* expected to be 
less susceptible to response from fields of un¬ 
desired polarization. 

Dipolc CoNiroraATioNB 

The frequency range which a dipole must 
cover restricts th* choice of its length; this 
should be a half wavelength near the center of 
the band. The other constant* which may be 
adjusted are the ratio of diameter to length, 
and the spacing before the reflector. A large 
ratio of diameter to length gives a low antenna 
characteristic impedance and resulting low 0. 
The limitations in this respect are chieflj me¬ 
chanical, and depend on the portability re¬ 
quired in the equipment. Weight and mechani¬ 
cal strength snd rigidity are more favorable in 
the smaller diameter dipolca. snd they are more 
easily supported, particularly In ths balanced 
type of structure requiring member* Insulated 
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from the support. The only practical limita¬ 
tion* on the splicing before the *creen are the 
effect on the impedance variation and the 
change in the response patterns. With a aingle 
dipole before a screen, the response pattern 
begins to break up into two lobes aa a quarter- 
wavelength spacing is exceeded. This ia moat 
pronounced at the high-frequency end of the 
range, where the fractional wavelength spacing 
ia the greatest. When this condition la encoun¬ 
tered, the antenna gain drops, and internal 
screen angiea much less than 90° are required 
to obtain satisfactory overlapping of lobes. 
With arrays of mo,*e than one element per 
screen, this limitation ia less serious, since the 
gain la higher and the response patterns are 
sharper. 

Immcdance Considerations 
The effect on the impedance due to the spac¬ 
ing from a reflector may be examined most 
readily by replacing the screen by the negative 
image of the rt'pole. The mutual radiatii e im- 
pedanc* between the two dipole* modifies the 
Impedance of the original dipole. The mutual 
reactance may be either positive or negative, 
and the mutual resistance may also be of either 



SlIHW« Hi M> |l ,* al !«■ 


sign, depending on the apscing In terms of 
wavelength. The resistance decreases when the 
mutual resistance is positive, and increases 
when it is negative. When the seif and mutual 
reactances are of the same sign, the reactance 
decreases, while if of opposite aign, an increase 
taxes place. Since these mutual effecta are 


dependent on the proximity of the dipole and 
its image, the impedance variations through 
a wide frequency range are generally greater 
when the spacing is small. The impedance char¬ 
acteristics, as measured at the dipole termi¬ 
nals, of the Onal V-l array are shewn in Figure #. 
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4 ’-* Directivity in Azimuth 

The directivity of thia array in azimuth re- 
aults from the uae of the reflector, since the 
pattern In the equatorial plane of a dipole In 
free apace is circular, Aa the frequency ia in¬ 
creased so that the spacing from the reflector 
exceeds a, 4, the pattern begins to break up 



Ftoi'u; t. V-l arrsy, relative rwponie in azimuth, 
O' elevation, 300 me. 


Into two lobes, with a minimum normal to the 
reflector. This minimum reaches zero at a spac¬ 
ing of A/2. As a result, the spacing may not 
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appreciably exceed a/ 4 at the high-frequency 
iimit. The patterns exhibit a broadening- with 
Increaain* frequency because of thla phenome¬ 
non, but are seen to be uaabie through the two- 
to-one frequency i-ange. 

The general shape of azimuthal curves at 160 
and 300 me for elevations from 0° to 30" at 10'' 
intervals changes aomewhat through this range, 
but not sufficiently to affect the performance 
adversely (see Figures 7 and 8). The change 
in relative aiae of the patterns of the two an¬ 
tennas la due to the unaymmetricsl effect of the 
horiaontal electric fleid component lying in th? 
plane of propaga*ion; the shift of the lobe in¬ 
tersection from 0° azimuth is, therefore, a 
polarization effect. 

,l ‘ Determination of Lobe Intersection 

In d-f aystema using amplitude comparison, 
the question arise* as to the beat point to use 
in intersecting the iobes, whers such choice 
exiats, The iobe intersection in the V array is 
determined by the angular position of the two 
reflectors, and can be adjusted to any desired 
point, It is, therefore, useful for this as well 
as other similar ayatoms to consider a number 
of factors which enter into the selection of the 
Intersection point, and if possible, to define an 
optimum point. 

Consider a r.imple array such as the corner 
type with one eioment per reflector. If an 
idealized point antenna is placed before a 
screen, the relative response as a function of 
the azimuth angle measured from the normal 
to the reflector ia given by 



Here r is the relative response, e the azimuth 
angle. * the spacing from the reflector to the 
point antenna, and A the wavelength. This 
function Is plotted In Figure 9 with s taken 
equal to A/4. If a receiving equipment having 
an Ideal noise characteristic, that is, one pro¬ 
ducing no Internally generated noise, ia thought 
oi aa being used with thla antenna, then an 
output of any desired magnitude may be ob¬ 
tained from a signal arriving from any direc¬ 
tion where the antenna response Is not zero, 
assuming unlimited amplification to be avail¬ 


able. In an actual receiving system the inher¬ 
ent noise limits (he useful amplification. If an 
actual receiver u considered operating with the 
antenna, a certain amount of noise will be pres¬ 
ent in the output. If a signal now arrives at 
the antenna, the output of the receiver wili be 
proportional to the Held intensity, and to the 
relative response r of the antenna at the azi¬ 
muth of wave arrival. (The gain of the antenna 
need not be considered at this point since its 
effect la merely to change the factor of propor¬ 
tionality.) For a fixed field intensity of the 
signal, therefore, the aignsl-to-noiae ratio of 
the output ia proportional to r, and from this 
standpoint best operation is had when r is a 
maximum. 



The operation of indicating ayatems used in 
conjunction with switched lobe antennas usual¬ 
ly depends on the difference in output when the 
signal ia sampled successively on the two an¬ 
tennas. For example, a differential rectifier 
might be used to actuate a zero-cente- micro- 
ammeter, or to control the input circuits of a 
servbamplifier for automatic tracking. 
Sensitivity Factors 

The sensitivity of such a system depends on 
the magnitude of the difference response for an 
increment of aalmuth angle in the vicinity of 
the equisignal point, that is, the intersection 
point of the two iobes. The magnitude of the 
difference In turn depends upon two factors— 
the first of which ia the slope of the antenna 
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response curve *t the operating point; this 
quantity might be appropriately termed "dif¬ 
ferential sensitivity." The aecond ia the acale 
factor, which depend* on the amplification and 
signal intensity. If we assume that the maxi¬ 
mum available linenr amplification ia used, then 
for a fixed signal intensity the differential out¬ 
put is proportional to dr/d*. As previously 
Indicated, the aignol-to-noiae ratio la propor¬ 
tional tor. The conditiona of maximum algnai- 
to-noise ratio and differential aensitivity can¬ 
not be sat laded simuitaneoualy, aince dr/d* ia 
aero when r is a maximum. If equal importance 
is assigned to r and dr/d* the msximum value 
of the product may be defined as the optimum 
intersection point. That is, 



The product n dr/d* may be most conveniently 
maximized graphically, especially when experi¬ 
mental response curves are used. 

For the caa- of s singie-point antenna placed 
a distance A/4 before a screen the functions 



are plotted in Figure 9. The maximum value of 
the latter Is seen to occur at * of approxi¬ 
mately «0“. 

For the case of two-point antennas placed 
before h screen, the response pattern ia given 
by 


dr 

r d* 


-v*—(?*♦)«(?-) 


Here the quantity d represents half the dia 
tance between the'two dipoies. These two func¬ 
tions are plotted for d » = a/ 4 in Figure 
10. The maximum of the second occurs at * of 
approximately 28°. 


This figure of merit faila under extreme con¬ 
ditiona of signal intensity. If the signal is on 
the threshold of noise, r becomes more impor¬ 
tant than its derivative, whiie at the other ex¬ 
treme, where the receiving system is overload¬ 
ed, operation at iower values of r ia Indicated. 
The first of these extremea ia more likely to 
occur in practice; however, deviation from the 
above criteria shouid be based on statistical 
data obtained in actual use fn the field. The 
data should include the noise characteristics of 
the receiving equipment and the field intensi¬ 
ties encountered. The speed of response of the 
indicsting circuits, or the minimum time in 



which integration ia substantially complete, 
coupled with the signal-to-noise ratio data 
should indicate the direction and extent of the 
departure required from the above criteria. 

In the two cases considered, the rrfr/d* 
curves are fairly broad near the maxims; for 
one doublet, the width of the curve ia 20° at 
90 per cent of maximum, whiie for two doubieta 
the width is 16°. This width afTorda some 
latitude of choice without departing far from 
the optimum. When an array is used over a 
two-to-one frequency range, the shape of the 
response pattern changes with frequency. The 
intersection point can be selected at the mean 
frequency, and performance wiii generally be 
satisfactory throughout the range. 
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Relative Response in Elevation 

Because of interference effects between the 
direct and reflected waves at the receiving an¬ 
tenna, the direct measurement of the directive 
pattern in elevation holds only for a specified 
antenna height above ground and fixed ground 
constants. For this reason an indirect method 
was adopted for the measurement, and the pat¬ 
terns so obtained are assumed to hold for sll 
the arrays studied in this project 

The method of measurement consists of de¬ 
termining the response in aaimuth of one re¬ 
flector to horizontally polarized waves, with the 
receiving dipole oriented horizontally. Since 
the reflector used is very nearly square, this 
procedure, in affect, ia equivalent ffo turning 
the entire receiving and transmitter system 
90° about a horizontal line connecting the 
transmitting and receiving points. The original 
vertical polarization now corresponds to hori 
zontal, and the angle of elevation corresponds 



to azimuth. Ground reflection# are thus con¬ 
stant, since all measurements are made at 0° 
elevation, and may be negiected. The measure¬ 
ment was made out to ±90 c from the normal 
to the sereen; the two halve# ahowed alight 
dissymmetry, and the average was taken. The 
response diagrams for thiee frequencies, 150, 
225, and 300 me are given in Figure 11, and 
may be taken to represent the relative response 
in the half space above the earth, in the ab¬ 


sence of ground reflections. It appears to serve 
no purpose to give specific diagrams including 
the effect of ground reflections, since these 
would vary widely depending on the height, fre¬ 
quency, and ground constant*. 

Polarization Errors 

One of the major problems encountered in 
the course of thia project, and one which arises 
in moat research connected with the study of 
collector systems for direction finders, ia the 
investigation of polarization errors. Although 
most of the important characteristics of such 
systems can be readily determined theoretically 
or experimentally, this ia not true in the case 
of polarization errors, The theoretical predic¬ 
tion ia generally not posbible, except in the 
case of certain elementary collectors such as 
balanced shielded loops, where the response to 
fields of any polarization la known. In the case 
of some other antennas of aimpie geometrical 
configuration, the shape of the response pattern 
to fields of various polarizations may be as¬ 
sumed to a good degree of accuracy; the errors 
may be predicted If the scale factors between 
them are known, The latter cannot be pre¬ 
dicted theoretically, and therefore are mea¬ 
sured; the complete performance can then he 
stated in terms of the theoretical assumptions 
and the measured values of theae parameters. 

The difficulties underlying the evaluation of 
polarization errors are due basically to the lack 
of an adequate and readily measured standard 
of performance. Until recently, the standard 
wave error of Barfield* waa widely used Thia 
i* defined as the error of a system when obtain¬ 
ing a bearing on a wave arriving at an angle 
of elevation of 45°, and having equal compo¬ 
nents polarized in, and perpendicular to, the 
plane of incidence, with the two components 
so phased as to produce th. maximum error. 
This standard of performance la open to two 
objections. The first is that it is defined with¬ 
out consideration of the effect of the ground in 
modifying the wave arriving at the collector. 
Although the omission is justifiable in the case 
of collectors located near the ground in terms 
of wavelength, in the case of elevated systems 
the difference in reinforcement or cancellation 
of tlie parallel and perpendicular field cempo- 
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nent* ciumi) by the ground-reft« ted wave may 
give ritu to a rsultont that differs widely from 
the condition of the downcoming wave. Henre, 
large variations of the standard wave error of a 
system may be observed, depending on the ele¬ 
vation of the receiving antenna above ground 
and the electrical characteristic* of the ground. 
The second objection i* that a knowledge of the 
standard wave error of a tyttam In Itself is 
generally not sufficient to determine ita per¬ 
formance under other condition* of wave ar¬ 
rival The additional information necessary for 
this determination ia the law of error which 
the ayatsm follows. The general law which a 
system obey* Is, of cour*e, known from the 
theory of it* operation,- to reduce It to a quan¬ 
titative form usabie In extrapolating error*, 
other data would appear to be necessary. Thia 
same objection put in another form applies 
when aystem* following different iaw* are In- 
tercompared. Bvidcntly one system may h*ve a 
very large error at un angle of slevatlon of 46° 
(for example, if ths vertical response ia a mini¬ 
mum at thi* angie and the horizontal re*pon»e 
Is large), and have low errors at other ele¬ 
vations. A second system may respond in an 
opposite manner, and have low error* at 45° 
and high elsewhere. Comparison of these two 
on the basis of the standard w*ve error would 
appear favorable to the second, while the Ant 
may actually be superior at moat other ele¬ 
vations. Therefore It Is seen that two arrays 
having the same standard wave error msy have 
considerably different performance under other 
condition*. 

To *ome extent the situation has been clari 
Aed by the work of the National Bureau of 
Standards [NBS] as summarized in the Anal 
report on Project C-18.‘ The report la con¬ 
densed in Chapter 1 of this volume. The meth¬ 
ods and criteria developed by NBS for the eval¬ 
uation of collector performance with regard to 
polarisation errors overcome these abjections 
to a certain extent and should be applicable, In 
theory at least, to most collector systems. These 
methods specify performance in terms of cer¬ 
tain parameters of the system analogous to 
effective heights, measured at ground level, and 
Independent of the ground constants. A knowl¬ 
edge of the law of error of the system enable* 
the complete performance to be stated. It was 


thought desirable to apply these methods in the 
present project, subject to v riftcation of the 
results b other method*, principally, the direct 
measurement of the errors. Unfortunately, the 
attempt to adapt these methods in the preaent 
case did not result In any marked degree of 
oucceas. 

The NBS Method 

Essentially, the NBS method ia based on the 
statement of the response of the antenna sys¬ 
tem to an arriving Aeld hi terms of the desired 
response of the true antenna element* and the 
undeaired response due to extraneous elements 
such ms feeders, etc. The response of the an¬ 
tenna la analyzed on the basis of three resolved 
field components, with a directivity function 
associated with each, and a parameter analo¬ 
gous to effective height, called the pickup faetnr, 
also associated with each, These latter relate 
the voltages Induced by a component to the 
Intensity of the component producing it, and 
therefore have the dimensions of effective 
height The response of the feeders Is similarly 
stated for the three field components. The equa¬ 
tion* may be written as follows: 

- kKFto#) (I) 

- w/w < r 

Here V ia the voltage induced In the element 
indicated in the subscript, h and k the pickup 
factors, E the electric Aeld intensity (for sim¬ 
plicity the magnetic Aeld component* will not 
be considered), and F and / the directivity 
functions, dependent on the azimuth 4, and the 
angle of elevation 4. The Aeld terms on the 
right hand side of the two equations are re¬ 
solved Into three components, and the other two 
factors are likewise resolved to correspond. 

The resolution of the Aeld *t the collector Is 
indicated In Figure 12, where the two primary 
component* and E r , shown at A, are respec¬ 
tively perpendicular to snd In the plane of 
Incidence. 

Ths parallel component Is further resolved at 
B into a vertical component E, ■ and a hori¬ 
zontal component E,,; the direction of propa¬ 
gation associated with each vector ia indicated 
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in the figur*. Following this resolution, equa¬ 
tion* (1) and (2) can be written 
V M( - + hfi'jrj,**) 

+ (3) 

>'f^ - k S : ,M*V + 

+ WJJ**) ( 4 ) 

The mm of these two voltages la the total re¬ 
sponse of the svstem to the existing Held. 



The factors h and k for the various compo¬ 
nent* are to be obtained empirically, while the 
directivity function* are deduced theoretically 
from a knowledge of the configuration of the 
sy»tem. One or two of the h factor* in the an¬ 
tenna response may be sero or negligible; for 
vertical dipole*, for example, h, and h, are 
xero, simplifying the situation. For the un- 
dealred response sll of the k't may be present; 
often two are sufficient to describe condition*. 

With respect to the directivity function*, the 
NBS procedure is to determine the dependence 
on S s by measurements at horizontal incidence, 
while ths relation to ^ is determined from a 
knowledge of the configuration of the systems. 
These directivity function* are quite general 
and may be expressed In complex form to ac¬ 
count for the phase of each term. They are 
sufficiently general to permit inclusion of the 
effect of the field *et up by reflection from the 
ground The equations, therefore, when ex¬ 
panded to Include these factors, describe com¬ 


pletely the response of a system under any con¬ 
dition of wave arrival, or ground conditions. 
This response will depart from the ideal de¬ 
sired response because of the undesired pickup 
present', sn analytical comparison of the actual 
with the Ideal response enables the determina¬ 
tion of the polarization errora of the syatem. 
Generally, the phase modifications undergone 
by the various induced voltages through the 
mechanisms whereby they are induced and 
transferred from the responding elements to 
the utilization circuit* are not known, nor are 
they readily determinable, and as a result, the 
complete equations mfcv not be written explic¬ 
itly to include them. Nevertheless, a knowledge 
of the law which the system follow s enables the 
assignment of values to these unknown phase 
angles such as to make the polarization error a 
maximum, and thus set au upper limit to the 
polarization error possible for a particular con¬ 
dition of the downcoming wave. A plot of these 
maxima over a representative range of ele¬ 
vation angles at an appropriate ratio, say one- 
to-one, of the parallel and perpendicular flsld 
components gives a complete picture of the 
performance in thla range, and may be used for 
comparison with other systems of the same or 
different type. 

Application to Adcock Antenna 

The first step in applying this method, 
namely, the determination of the directive pat¬ 
terns for the three field components, must now 
be subjected to further examination. For the 
purpose at hand, this may best be accomplished 
in conjunction with an Illustrative example. A 
differential Adcock pair of the elevated H type 
will be considered, since the NBS report re¬ 
ferred to treats a number of this general type. 

The H Adcock consists of two vertical 
dipoles differentially connected by horizontal 
feeders. The response of this system can be 
conveniently considered a* resulting from a 
combination of the desired response of the two 
vertical dipoles and the undesired response of 
the horizontal feeders. Tbe directivity function 
for the two dipole* Is known accurately on 
theoretical grounds for fields of any polariza¬ 
tion. Obviously is the only component 
capable of inducing a voltage in either dipole, 
since h,, and K, are always directed at right 
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ogles to the lenifth of the dipoles. Therefore 
h, and h, are each zero, and term* containing 
them are eliminated from the response equa¬ 
tion. 

The horizontal feeders may be replaced, at a 
first approximation, by a abort dipole along the 
line of the feeder*. The directivity function 
for this dipole It known from theoretical con- 
tideration*. E,., ia always normal to the direc¬ 
tion of thi» dipole, and can induce no voltage 
in it; k, is therefore zero. Further, the maxi¬ 
mum reaponta to a unit field of E. (at * = 0°), 
must equal the maximum response to a unit 
field of (at * = 90°, + - 90°), since in 
each case the direction of the electric field is 
parallel to the dipole in question. Therefore the 
response coefficients k, and k, are equal, and 
the measurement of one la sufficient to establish 
the other. Evidently both h, and k, may be 
separately determined by measurements at 
horizontal incidence, and their ratio obtained. 
Since the complete directive pattern is known. 
It need not be measured; the NBS procedure la 
to measure the patterns due to E. and E,., at 
around level, probably aa a verification of the 
assumptions. The method is thus seen to be 
substantially an indirect one, in that the polari¬ 
zation error ia not measured directly, but i* 
deduced from theoretical considerations and 
observed data. 

It 1* Inter mating to consider the situation re¬ 
sulting If in the preceding example it were not 
possible to assign on theoretical grounda a di¬ 
rectivity characteristic to the element respond¬ 
ing to ths undesired field components E, and 
that is, If knowledge of the behavior of 
the feeders is Insufficient to permit the valid 
substitution of a aimpte dipole. It would then 
become necessary to establish this directivity 
by empirical methods. A series of measure¬ 
ments would be made, starting for example 
with E m fields. The response through 860° In 
azimuth could be measured for an angle of 
elevation equal to zero. In carrying these mea¬ 
surements to elevated angles, however, a fun¬ 
damental difficulty would ariae due to reflec¬ 
tions from the ground. When a ground-reflec¬ 
ted wave exists (and this may even apply in 
an elevated syatem to the measurements at zero 
angle of elevation), there are in effect two 
waves present, differing In magnitude, phase. 


and direction of arrival. Moreover, the re¬ 
sponse of the system to wave* from the two 
directions may Introduce additional phase and 
magnitude changes. Obviously a single figure, 
the resultant output voltage, Is not sufficient to 
determine uniquely the response in the desired 
direction. Nor would it be valid to take the 
downcoming wave, compute the magnitude and 
phase of the reflected wave, and add the two 
vectorlally in time aud apace at a point of the 
system, unless it esn be assumed that the point 
adequately represents the system for the two 
waves In question, i.e.. that waves do in effect 
act on the system at the point, and nowhere 
else. For example, if, instead of a single hori¬ 
zontal dipole representing the feeders, it were 
necessary to substitute two parallel dipoles 
lying In the same horizontal plane the addition 
of the direct and reflected waves at one would, 
in general, not hold for the other, since the 
path differences in the two cases are not the 
same for a nearby signal source. This assump¬ 
tion concerning the configuration could not be 
made, as the configuration itself is to be deter^ 
mined by the measurement*. Should an attempt 
be made to carry the investigation on for the 
other two field components, difficulties of the 
same nature would exist and, in addition, other 
complications would be found. The E,., and 
E,, components are not separable; the plane 
of incidence and direction of propagation deter¬ 
mine uniquely the direction of the E, vector 
Its resolution is useful for analysis, but cannot 
be accomplished physically so as to eliminate 
one or the other of the components. As an 
alternative, the method might be modified to 
measure the total response to the E, field, rother 
than the response to Its two components. The 
effect of the components could be deduced, if 
the phases of the resultant voltages were 
known. Thesa, however, cannot as a rule be 
determined. Moreover, In a reasonably good 
collector, the desired response of the dipole* to 
E,., would almost completely obscure the re¬ 
sponse to E,.„ unless * very high precision 
were attained in the techniques of the measure¬ 
ment. The desired response could not well be 
eliminated, since the dipoles, while not respond¬ 
ing to the undesired components directly, may 
be, and usually are, an element in the transfer 
svstem from a responding member to the util- 
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ization circuits, because of radiation or re- 
sctive coupline. For example, a member re¬ 
sponsive to E tJ may reradiate * component 
parallel to the dipoles and thus Induce a volt¬ 
age; removal of the dipoles, or short circuiting 
them would remove this undesired effect; the 
total effect of E r , could not then be deter¬ 
mined. 

Some consideration might be given to a 
method of evaluating the errors on the besia of 
the primary components alone, without at¬ 
tempting the more or leaa artificial resolution 
of the E, field. While this might conceivably 
be possible, the other difficulties mentioned 
would still be present; In addition to the com¬ 
plicating presence of the ground-reflected wave, 
the phase angles of the voltages Induced by the 
two components of the parallel field would re¬ 
main unknown. In itself, this would be of no 
consequence, since the effect of the whole E 
Held is being Investigated. However, while the 
two components are always in phase in a down¬ 
coming wavs, this may not be the case when 
the combined direct and reflected waves appear 
at the collector. Aa a result, the analytic sepa¬ 
ration would still appear to be necessary to 
predict the behavior for any ground conditions. 

Free-Sfacr Pattern mi Systems Using 
Reflectors 

By positioning the reflector near, and paral¬ 
lel to, the ground, the latter becomes In effect 
an extension of the reflector; undesired ground 
reflections would be -'im' noted. The signal 
source could be placed directly above the reflec¬ 
tor at a suitable height, and either moved 
through arcs corresponding to azimuth and ele¬ 
vation, or left stationary, and the reflector ro¬ 
tated aa required. The objections to this method 
are that the array would have to be dismantled 
from Its normsl operating position, and special 
gesr constructed to obtain the required rota¬ 
tion of the screen, or motion of the source. 
Further, a legitimate doubt would always exist 
concerning the equivalence of the undeaired 
response in the operating and measuring posi¬ 
tions, since the eedert could not be identically 
disposed in the two cases. The uncertainty 
caused by the change in phase of the E,., and 
E,, fields In the presence of the ground would 
still remain, 


These possible procedures hove been touched 
upon not so much to examine their merits, but 
rattier to bring out the difficulties of the 
method when recourse must be had to an ex¬ 
perimental determination of thn three dimen¬ 
sional response of an array to certain field com¬ 
ponents, when the directivities Involved cannot 
be assumed a priori from the configuration of 
the array. Even In the case of so simple a col¬ 
lector as an H Adcock, It is open to some ques¬ 
tion whether a successful experimental deter¬ 
mination can be made. On arrays of the type 
studied In this project, the configuration of the 
elements which may respond to undesired field 
components Is considerably more complex, and 
the difficulties increase accordingly. The de¬ 
sired response of the dipoles cannot he pre¬ 
dicted to a high degree of accuracy because of 
the presence of an Imperfect reflector; to this 
time a reasonably accurate expression for the 
current distribution In a cylindrical dipole of 
large transverse dimensions has not been ob¬ 
tained. Any assumption aa to the total response 
of the system was out of the question. 

If consideration be given to the NBS method, 
its elegance and utility are seen to reside in its 
ability to assess In terms of simple and readily 
determinable parameters, a phenomenon which 
la at best very complex. One of its outstanding 
advantages in practice is that the measure¬ 
ments are ao made as to avoid the complicating 
influence of the ground, that is, at horizontal 
incidence. In any of the procedures mentioned 
shove, this advantage would be lost; the meas¬ 
urements would be time consuming and diffi¬ 
cult. if st nil possible, requiring, in the case of 
arrays studied in this project, fields of high 
purity of polarization; the final results would 
be indirect and subject to question on this 
ground. 

As mentioned pie' 'oualy, an attempt was 
made to apply the NBS method during the 
course of the project. Some of the earlier re¬ 
sult* of measurements on the response of the 
V-I array to horizontally polarized waves in¬ 
dicated that no simple space pattern could he 
presumed. The lack of a reliable field-intensity 
meter hampered the work considerably. Retort 
had to be made to the array under test for field- 
intensity comparisons. This was done hy orient¬ 
ing the dipole either vertically or horizontally 
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u required, and aaauming the ume effective 
height for the two condition*. Rejection ratios 
were specified In the bearing direction and are 
given below. These ratios were found to be of 
considerable value as an Indication of the prog¬ 
ress of the work, since any substantial Im¬ 
provement was usually accompanied by smaller 
measured errors. 

Poabt Method or Measuring Polarization 
Errors 

The final method adopted for the measure¬ 
ment of poiarization errors was one originally 
intended to verify results of the indirect meth¬ 
od. It was originated by L. M. Poast of the 
National Bureau of Standards, and consists of 
a means of producing a field polarized so as to 
hsve equal components In, and perpendicular to 
the plane of Incidence, with a continuously 
variable phase adjustment between these com¬ 
ponents. This is accomplished by exciting three 
mutually perpendicular electric dipoles from 
the same shielded source. One dipole, used as 
the axis of rotation, is horizontal and at right 
angles to the direction of propagation of inter¬ 
est. The plane through the remaining two di¬ 
poles is vertical, and coincides with the plane 
of incidence at the receiving antenna. The 
horizontal dipole and one of the dipoles In the 
vertical plane are fed In phase, and the remain¬ 
ing vertical dipole feed ia displaced 80° in 
time phase by an artificial quarter-wave line. 
The two dipoles in the vertical plane produce 
a uniform field In that plane. The phase varies 
uniformly with angular position in that plane, 
and the magnitude of the resultant field ia 
equal to the maximum field due to either dipole. 
There result!, therefore, a fleid aa specified 
above, with a parallel component E, whose 
phase may be varied uniformly by rotating the 
system about the horizontal dipole as an axis. 
Figure 13 shows the unit which was designed 
to operate over the 160- to 300-mc band. The di¬ 
pole extensions are interchangeable with units 
of other lengths and telescope into the oscilla¬ 
tor housing for accurate adjustment to fre¬ 
quency. 

When this system is used for the measure¬ 
ment of polarization errors, It is supported so 
as to permit rotation about the horizontal di¬ 
pole, then elevated to the desired height. The 


errors are observed aa the assembly is rotated 
through 360° by means of control cords. The 
maximum error Is noted, as well as errors at 
uniform angular intervals. The maximum error 
then is the msxlmum possible for a one-to-one 
downcoming field at that elevation angle, re¬ 
ceiving antenna elevation, and ground con¬ 
stants. The measurement of the polarization 
errors ia direct, and is, therefore, not open to 
those objections which are based on the In¬ 
directness of a method. Three factors never¬ 
theless may be questioned. The first 1s the va¬ 
lidity of the results based on radiation from a 
nearby transmitting system. At the lowest fre- 



Fiovse U. Variable phase polarisation transmit¬ 
ter with remove hie dipole extension! which tele¬ 
scope into oscillator housing for accurate adjust¬ 
ment to frequency. 

quenc.v in question, the distance between the 
receiving and transmitting points is about 16 a 
along the ground and 18 a at the maximum 
elevation of 34°. It is believed that this is ade¬ 
quate to produce a substantially plane wave 
front at the receiver. The effect of the surface 
wave Is greatest at low angles of elevation! it 
may be neglected at the higher angles where 
the polarization errors reach their maximum 
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value*. The second objection is that measure¬ 
ment* are made with the receiving »ntenn» 
»rr»y at » fixed height above ground, *nd may 
not repp sent the wortt point of operation at 
*11 frequencies It wu not f**»ible to construct 
elevating gear for this work. To overcome this 
objection to tome extent, each curve of polari¬ 
zation error reproduced in this report h*» * 
section showing the ratio of AT. to the E,,, 
components at the receiving antenna through 
the range of elevation uaed. From this it may 
be determined whether a specific error waa ob¬ 
tained under favorable or unfavorable ground 
reflection conditions, and the extent of dia- 



Figum: 14. V I pollrliatlon error measurements 
■ t ISO me. 


crimination against one or the other fieid com¬ 
ponent The third objection ia that the informa¬ 
tion obtained covers only a limited range of 
conditions, and does not specify the complete 
performance. 

Although it i* true that complete perform¬ 
ance cannot be specified on the baala of the In- 
formation obtained, it Is considered that the 
range of elevation angles up to 84° covered by 
the data la wide enough to induae moat of the 


practical conditions of operation likely to be 
encountered. In the upper end of the v-h-f and 
the u-h-P bands, high-angie waves originate 
generally from elevated sources—aircraft 
transmitters primnrily. In homing operation* 
of friendly aircraft, for example, angles of de 
vation over 34° will rarely be found beyond a 
horizontal distance of I he order of one mile. 



The use of thia rotating phase arrangement 
requires eight or more observations at each 
angle of elevation. To expedite measurements 
for day-to-day comparison of results, the aim- 
pie elevated dipoie, tilted ±46° from the verti¬ 
cal, was resorted to. This method, while not 
giving the maximum error, yielded results of 
sufficient significance to be quite adequate for 
the purpose, and the measurements were readi¬ 
ly repeatable after several days' lapse. It is In¬ 
teresting to note that the rotating phase meth- 
od rather consiatentiy gives a maximum error 

‘ By rather common agreement the varloui band* 
ir* retarded ai Including the following frequencies. 

8-30 Icc, I f, 80-300 kc; ni.f, 300-3,000 kc; h f, 
3-30 me; v-h-f, 30-300 me; u h f. 300-8,000 me; s-h-f, 
8,000-30,000 me, 
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through the range of elevations that is about 
SO per cent In excess of the errors measured 
with the tilted dipole, The latter results are 
given in Tables 1 and 2, The errors obtained 
using the variable phase method at 160 me are 
shown In Figure 14, and at 500 me are shown 
in Figure 16. 

Selection of Optimum Height 

The selection of a suitable height for a d-f 
array should be guided by two performance 
considerations, aside from the purely mechani¬ 
cal ones Involved in the design of a satisfactory 
elevated rotating mount. 

In the upper end of the v-h-f range, the ten¬ 
dency of electromagnetic waves to propagate 
along optical paths becomes evident, and this 
tendency becomes more marked aa the fre¬ 
quency is Increased. In the u-h-f range the 
paths are essentially optical. The curvature of 
the earth therefore limits the distance which 
may be covered, since the optical path is a 
straight line. The phenomenon of refraction In 
the atmosphere modifies this condition some¬ 
what, as the path followed curve* back toward 
the earth relative to a straight line tangent to 
the earth. Quantitatively the effect may be ac¬ 
counted for by assuming a radius for the earth 
In excess of It* actual radlua. On thl* basis and 
the geometry involved, the distance to the ef¬ 
fective horizon la given in terms of the height 
by 

wherein the effective radius of the earth ia 
taken a* 1.82 time# the physical radius. The 
obvious conclusion to be drawn is that to obtain 
maximum range, a* great a height as practica¬ 
ble should be used for the direction-ftnoer 
array. 

The second consideration Influencing the 
choice of height is the effect on polarization 
errors. Due to interference phenomena be¬ 
tween the direct and ground-reflected waves, a 
standing wave pattern of field intensities is set 
up along the vertical line over a point. This 
pattern Is different for the perpendicular and 
parallel field component*, so that the ratio of 
the two varies with elevation over the point 
in question; therefore relatively large aup- 
pression of one or the other component is pos¬ 


sible. The degree of suppression is dependent 
on the elevation, the electrical characteristics 
of the ground, and the angle of elevation of the 
downcoming wave. 

The Interference pattern is a result of the 
phase difference existing at a point between 
the direct and reflected wave*. Thia difference 
is made up In part by the phase shift occurring 
at reflection; the remainder is due to the differ¬ 
ence In the paths traveled by the two waves, 
The corresponding phase difference for the 
latter is given by 

Awh aln ^ 

where A ia the phase difference in radians, k 
the elevation of the point in question, the 
angle of elevation of the arriving wave, and x 
the wavelength. The difference is seen to In¬ 
crease directly as the height and the aine of 
the angle of elevation, The change of phase 
with ti is consequently more rapid as h is in¬ 
creased. 

The phuse change occurring at reflection is 
given by the appropriate Fresnel plane wave 
reflection coefficient for the parallel and per¬ 
pendicular cases. These are 

« sin » - V • -1 '-Tain* + 

* < sin ^ + V « 1+ »in‘ ^ 

_ *>n * - \ ' « ~ f~ + sf n*^ 

aln r + V « — 1 + sin* !■ 

Here the complex dielectric constant 

«„ - dielectric constant in esu; 

si - 2cA»; 

e = velocity of light in cm per aec; 

X — wavelength in cm; 

* = conductivity in esu; 

R, parallel reflection coefficient; 

R, = perpendicular reflection coefficient 

Both the magnitude and phase angle of the 
coefficients for the two case' vary in a different 
manner with the angle of elevation. The phaae 
angle of R. remains nearly constant, while the 
phase of R, undergoes approximately a 180° 
change as the angle of elevation changes from 
0° to 90°. The overall effect is that the ratio 
of the E. resultant to the E, resultant varies 
through wide limits along a vertical line over 
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* given point. A plot of this ratio is given In 
Figure 16, against height in terms of wave¬ 
length, for three values of the parameter 
These curves are computed for a complex di¬ 
electric constant of 10 j\, and correspond to 

the ground constants at the Medford site for 



the low-frequency end of the range (160 me). 
The imaginary component U small enough to 
be neglected, and decreaaea with increasing 
frequency, The dielectric constant of 10 may 
be taken to represent average ground condi¬ 
tion In the frequency range inveatigated. An 
examination of these curves leads to two con¬ 
clusions : first, the ratio of the horizontal to the 
vertical field intensities is consistently small 
only st elevations less than a/ 4. At 600 me this 
represents a height of about 5 Inches, and at 
150 me, 20 inchei, values too small to be usable. 
For elevations in the usable range, say over 6 
feet, the height would represent several a at 
the higher frequencies. Second, consistently 
small ratio* for different elevation angles are 
not possible for a given height over a/ 4 even 
at one frequency. For example, aii three curves 
go through a minimum in the vicinity of 6a; 
at intermediate or other angles, this would not 
necessarily be the case. Reference to the po¬ 
larization errors of the V and fiat arrays shows 
that at the low-frequency end the errors are 
the greatest, and these occur at high elevation 
angles. If one assumes that the maximum 
angles encountered in practice are in the vicini¬ 
ty of 30° to 35°, It would be possible to select 


a height giving favorable ratio* near the low- 
frequency end of the hand for high angles, Hut 
the favorable ratios would not hold eiaewhere. 
in the absence of elevating gear and means for 
determining the angle of elevation of an arriv. 
ing wave, it would appear that a selection of 
height based on maximum range, and com¬ 
pletely random as far as the present considera¬ 
tion ia concerned, Is ss likely to result in aatis- 
fsetory operation as would * height selected 
for a particular set of conditions. 

The NBS report’ has data similar to Figure 
16. The latter ia somewhat more general in 
that elevations arc given in terms of wave¬ 
length, and the ground conditions specified in 
terms of the complex dielectric constant, Fig¬ 
ure 16 la therefore usable directly at any fre¬ 
quency for a complex dielectric constant of 
10 - > 1 . 

UJ Array (is in 

To measure the gain of the V-l array, a 
configuration was required which would elimi¬ 
nate .wend reflection effects, A simple man¬ 
ner of achieving this consists of performing 
the measurement in the vertical direction. The 
reflector In question Is placed parallel to the 
ground, with the dipole above the reflector. A 
device to Indicate relative field Intensities la 
placed directly above, and elevated to a height 
great enough to eliminate spurious proximity 
effects, The antenna In question is excited with 
a power oscillator, snd the field Intensity so 
obtained is compared to that produced by a 
resonant half-wave dipole, A/4 abo«e the screen. 
In exactly the same position, Relative input 
powers are measured by standlng-wsve equip¬ 
ment for the two cases, The relative gains of 
the two srrsys are then computed, 

The sbsolute gain of the standard antenna 
may be obtained theoretically and, together 
with the relative gain, enables the determina¬ 
tion of the sbsolute gain of the array being 
measured. Figure 17 shows the gain charac¬ 
teristic! of tile V-l array over the entire fre¬ 
quency range, the standard of comparison 
being a hypothetical isotropic or nondirec- 
tional antenna. For comparison with a half¬ 
wave dipole in free apace, the values given in 
this curve should be reduced by 2.i4 db. This 
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figure represenla the gain of a half-wave dipole 
In free space over an isottopic antenna. The 
variation of gain with frequency is aeen to be 
alow for this array. 
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F1CUME 17. Gain of V-l array compared to hypo¬ 
thetical Inotropic or nondlrcctlonal untcnn*. 

"•* V-I Array llaed aa Direction Finder 

Following the decision to use a balanced 
dipole syatem, an array was set up with bal¬ 
anced two-wire lines connecting each antenna 
to the awitch, and a twin-conductor lead from 
the awitch to the receiver. The performance 
of thla system was fair, but it wai obvious that 
there was conalderable signal pickup due to the 
dipoies and feedera responding as a unit U> 
flelda between them and ground, and that it 
would be necessary to install the equivalent of 
a balanced and electrostatically shielded trana- 
former. A auiUble design was selected, utilis¬ 
ing resonant lines; the principles of operation 
and design formulas are given below. One 
transformer was placed behind each screen at 
the point where the dipole transmission lines 
pass through the screens. Rejection ratios (cor¬ 
rected for curvature of receiver Input/output 
characteristics) measured prior to the Installa¬ 
tion of these transformers were approximately 
10/1 at 150 me, and 6/1 at 300 me. The use of 
the transformers improved the ratios to about 
40/1 through the frequency range. The mea¬ 
sured maximum polarization errors before in¬ 
stallation were approximately 60°, and these 
were reduced by a factor of two through the 
use of the transformers. The remaining errors 
were considered too high, and further studies 
were undertaken in an attempt to obtain a re¬ 
duction. 

The error* mentioned were noted when the 
system operated a* a switched-lobe direction 
finder, that is, one in which amplitude com¬ 


parison is made by successive observations on 
each screen. In order to check the electrical 
balance between the screens simultaneously, the 
two arrays were differentially connected, in 
which cnee phase and amplitude balance are 
indicated by a nuil. The errors noted with this 
arrangement were lower by a factor of perhapa 
three-to-one, indicating good eiectricai baiance. 
The reason for this wide discrepancy is not 
completely understood at this time, but is 
mostly likely due to the inherently balanced 
nature of the differential system as compared 
to the dissymmetry existing when only the left 
or right half of the array is observed at one 
time, which condition holds in lobe switching. 

Further investigations tended to confirm this 
explanation. Measurements were made to com¬ 
pare the response of the two halves when the 
polarization of a horizontally incident wave was 
varied. With vertical polarization, the response 
patterns of the two ant*«nas were nearly 
identical; slight differences were attributed to 
the outputs resulting from the E,., component 
of the ground-reflected wave, adding at differ¬ 
ent phase angles to the respective E,. t voltages 
in the two antennaa. W'hen the plane of polari¬ 
zation was rotated clockwise as viewed from 
the receiver, the response of one Increased, and 
the other decreased; counterclockwise polari¬ 
zation produced the opposite effect. This effect 
was found to depand on the angie between the 
line of propagation and the normal to the 
screen. W'hen the screens faced the source, the 
effect was a minimum. 

Effect or Support Pole 

An element of dissymmetry appeared to be 
the support pole, and Its effect was next in¬ 
vestigated. The transmitter was polarized hori¬ 
zontally, and its output increased sufficiently 
to produce an output in the receiver. W'ith this 
condition, standing waves were noted along all 
the edges of the screen, except in the vicinity 
of the support poie. The edges of both screens 
were then insulated from the poie to obtain a 
more symmetrical potential distribution. A 
decided Improvement resuited; the response 
patterns were more nearly alike, and the polar¬ 
ization errors reduced. The name effect was 
observed with the differential connection be¬ 
fore insulating the screen*, but while the two 
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lobes of the pattern using this connection 
chanced in relative she, the position of the 
null remained aubsUiit.aily unchanged. With 
the screen insulated, the resulting pattern 
was symmetrical regardless of the polarisation 
of the transmitter. 

Similar observations were made on the V-2 
array, but the effect of insulating the screen* 
was much less pronounced; first, because in 
the bearing position the normals to the screen 
lie more nearly along the plane of propsgation; 
and second, because the higher gain of the 
array provides better discrimination against 
rersdiation effects due to horizontally polarized 
components. 



Figure 4 shows the V-l array before the 
screens were insulated from the shaft. The In¬ 
sulating blocks may be seen in Figure 18 which 
shows the final V’2 array. 


V-2 ARRAY 12 DIPOLES PER 
REFLECTOR) 


respects. The gain is increased through im¬ 
proved directivity in azimuth, while the verti¬ 
cal directivity remains unchanged; the differ¬ 
ential sensitivity is higher; polarization errors 
are reduced; the size of the array Is substan¬ 
tially unchanged. Figure 18 is a view of the 
V-2 array with the edges of the screena insu¬ 
lated from the shaft. 

Expert menial Work 

The first arrsy atudied had a spacing be¬ 
tween the line of dipoles and screen equal to 
28.6 cm, the same as was used for the V'l 
array. This spacing was maintained through 
the tests and was considered to be an optimum 
from the standpoint of gain and impedance 
characteristics, although more latitude is avail¬ 
able in this array than in the V-l array, The 
distance between the two dipoles of a acreen 
was made 66 cm, or approximately one-half 
wave near the middle (225 me) of the frequen¬ 
cy range. A set of operational data was ob¬ 
tained including polar patterns, polarization 
errors, and gain. The data Indicated that this 
array was considerably superior to the V-l 
array primarily because of the improved direc¬ 
tivity in azimuth To increase the directivity 
further, the spacing between dipoles was in¬ 
creased to 86 cm. representing a half wave¬ 
length at 175 me, without changing the acreen 
dimensiona. Observations were made with this 
spacing, the maximum that the screen will ac¬ 
commodate and still have the required one- 
eighth wave projection beyond the dipoles. 
Further increusc is not usable, since the spuri¬ 
ous side lobes at the high-frequency end be¬ 
come troublesome. Comparative data on the 
V-l, V 2 (66 cm), and V-2 (86 cm) array* are 
conaidered in Tablea 1 and 2. As in the V-l 
array, both switched-lobc and differential oper¬ 
ation were mveitigated. 


The V-2 array is similar to the V-l in prin¬ 
ciples of operation, the major point of depar¬ 
ture being the use of a broadside array of two 
dipoles on each reflector. Consequently the 
general discussions covering the V-l artay are 
applicable here. 

The use of two dipoles as compared with one 
per acreen is advantageous In a number of 


“ J Relative Response in Asinuth 

Polar diagrams showing the relative azi¬ 
muthal response for one-half of the V-2 array 
with 86-cm spacing are given in Figures 18 
and 20 for 15C and 800 me, respectively, at 0° 
elevation. The increased directivity over the 
V-l array is clearly evident in these diagrams. 
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The directivity increases with frequency over mum directivity occurs at the low-frequency 
the range illustrated; this ia in opposition to end. Response diagrams for 66-cm spacing are 
the behavior of the V. 1 antenna, where maxi- not given; these are very closely similar to the 
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ones shown, but are slightly broader. The pres¬ 
ent diagrams were obtained before the screen 
angles were adjusted for the optimum position. 
This may be noted In the 300-mc diagram 
w!.e»c the response on bearing is too low. The 
pattema should, therefore, be rotated approxi¬ 
mately 6° toward the zero azimuth line to cor- 
reapond to optimum setting. The relative re- 
eitonae in elevation for the lobe-switching con¬ 
nection Is given in Figure 11. 

* 4 * Impedance Characteristics 
Figure 21 la a plot of the impedance charac¬ 
teristics of the V-2 array at the balanced- 
unbalanced transformer, and Includes the effect 
of the latter, as well ui of the transmission 


I 


lines between It and the dipoles. The impe¬ 
dance ia comparatively uniform through the 
140- to 300-mc frequency range, with the reac¬ 
tive remaining less than the reaiative component 
through the range. The geometric mean of the 
minimum and maximum points is approxi¬ 
mately 57 ohms; therefore, standard 60-ohm 
cable may be used without additional matching 
transformers. The Impedance mismatch when 
using 60-ohm cable does not exceed two-to-one, 
and is considerably leas through moat of the 
range. 






IrZT 1 .'Vi***a??*" 

>«h u » toia> tm t, trlMm 


tions. (The latter connection ia more fully 
diacuased later In Ihia chapter.) These were 
obtained with a Ulted dipole transmitter. The 
tilt in this teat la alwaya about a horizontal 
line lying in the plane of incidence. I e., the 
dipole always lies in a vertical plane normal to 
the plane of Incidence, and, therefore, the E, 
component of the downcoming wave ia lest 
than the K, component at elevated angles. The 
ratio of the two ia nearly proportional to the 
coaine of the angle of elevation; i.e„ unity at 
horizontal incidence, and dropping to 0.83 at 
34 elevation. It la to be noted that the differ¬ 
ential connection ia better by a factor of three 
or four to one compared to the corresponding 
switched-lobe array in regard to polarization 
errors. Nevertheless, the error* of the V-2 ar¬ 
ray using 86-cm apacing between the dipole* 
are quite low for lobe-switching operation. For 
rapid comparison, Table 2 lists the maximum 
error* found In Table 1. 

It is evident from these tables that there is a 
progresaive improvement in polarization error 
performance as the azimuthal directivity is in¬ 
creased. Consequently It Is reasonably safe to 
predict that still greater improvement i* pos¬ 
sible If array a of greater directivity are used. 
Because of *ize, their use would probably be 
limited to permanent or semipermanent instal¬ 
lations. It ia pertinent to observe that a* a 
result of increased directivity, searching be¬ 
come* more difficult, since high response Is 
limited to a narrower azimuthal sector. Exces¬ 
sively directive arrays may require the use of 
subsidiary searching equipment. 



44-4 Polarization Errors 

Comparative data on polarization errors of 
the V-l and V-2 arrays are given in Table 1 for 
both the awitched-lobe and differential connec- 


Gain of V-2 Array 

Measurement: of gain on this array were 
made at boih the 66-cm and 86-cm spacing, and 
are given graphically In Figure 22. The im- 
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provoment obtained by the wider spacing la 
grcateat at the low-frequency end; at the high- 
frequency end the appearance of aide lobe* 
limits the poaaible Improvement. As in the case 
of the VI array, the standard of comparison 
in the curves is a nondi recti on*! or isotropic 
antenna. For comparison with a half-wave 
dipole in free apace, the gain taken from thess 
curve* should be decreased by 2.14 db, 

« FLAT ARRAY 

**' Thrury of Operation 

The principle of operation of the fiat array 
In which the directivity pattern is shifted in 
azimuth by a change in phase of some of the 
elements may be readily aeen from the follow¬ 
ing considerations: If in Figure 23 we have 
two electric doublets, 1 and 2, in a radiation 



Fionas 23, Representation of doublet In radiation 
Held. 


field propagated from a direction A, at an angle 
4 from the normal to the line joining the cen¬ 
ters of the two doublets, the voltage induced 
in each la in phaae with the field at the doublet. 
If we co .aider the wave front to be plane, the 
arrival of the wave front at doublet 2 occur* 
later than the time of arrival at doublet 1, be 
cauae of the finite velocity of propagation of 
electromagnetic waves. Hence, the phase of the 
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induced voltage in doublet 2 lags the voltage in 
doublet 1 by fix , where x is the additional dis¬ 
tance traveled, and H is the phase constant of 
free space, equal to 2* a, a being the free space 
wavelength. It is convenient to refer phases to 
the field at 0, the center of the line joining the 
two doublets. Then if d ia the distance from 
this center to eithsr doublet, the voltage In¬ 
duced in 1 ieada the field at 0 by an angle 2 wd 
aln </A, while that In 2 lags by the same angle. 
A vector diagram is shown In Figure 24, where 



FioutK 24. Vector disgrsr W i n. volutes. 


F„ la the field at 0, V, is the voltage induced in 
doublet 1, and F, the voltage In doublet 2. 

Either the vector aum or difference of theae 
two voltages, which are also ahown in the 
diagram as V,„„. and may be utilized. The 
salient fact revealed in this diagram is that the 
sum voltage ia in phase with the field at 0, 
while the difference voltage is displaced 90 1 - In 
time-phase from both K and the sum voltage, 
for equal magnitude component voltage* V, 
and V, 

r, - «.[«'. 

-'“"C V" 1 "*)] 

where k is a proportionality factor, Therefore 



The aum voltage is thus real, and in phase 
with the field E„, while the different voltage Is 
Imaginary, and therefore displaced 90° from 
E, r.r.d V.,.. 
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Typical directional patterns for the differen¬ 
tial and Additive esses are shown in Figure 25 
B and C for the case of spacing between the 
doublet! of the order ot a half wavelength. 

In the differential case, the resultant voltage 
is aero when 4 Is zero, while In the additive 
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since thi* latter is in phase with the electric 
field, the induced voltage Is diaplaced 90° in 
phase from the electric field. The sense anten¬ 
na voltage is in phase with the electric field. 
Or. alternatively, the vertical membera of the 
loop may be considered electric doublets, differ 
entlally connected by means of the horizontal 
member*, yielding the same result. 

The use of a reflector behind the line of 
doublets removes one lobe of the response pat- 

v.a.daf 
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case the voltage is a maximum. In both cases, 
there ia a reversal In phase where the reaultant 
passes through zero. The axes of maximum 
response for the two cases arc diaplaced from 
each other 90° In azimuth. A 90 phase change 
introduced in the output of either one or the 
other will bring corresponding lobes in phase, 
but will not change the space pattern. Then - 
fore the voltages from two pairs, one additive, 
and the other differential, may be added, and 
the resultant space pattern will be rotated in 
azimuth. In Figure 26, A shows two such pairs, 
disposed along the tame line; at B la ahown 
the pattern of the differential pair, with an 
advance In phase of 90' Introduced in iti out¬ 
put, while at C the sum pair la shown un¬ 
changed. The reaultant pattern at D ha* its 
line of maximum response along a line inter¬ 
mediate between the lines of the individual 
maxima. If we consider the axis of the sum 
pattern as a reference direction, then the re¬ 
sultant pattern has been rotated clockwise. 
Obviously a reversal in phase of either pair 
will rotate the resultant counterclockwise by ■ 
like amount. 

It Is interesting to observe a close similarity 
between the action of this system and that of 
switched cardioids. obtained, for example, by * 
loop and sense antenna. In the latter case the 
voltage induced in the loop is proportional to 
the time derivative of the magnetic field, and 
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Flai-ae 2S. Directional pattern* of two act* of 
doublets In lino with volte** of dlffortntial pair 
advanced BO*. 

tern, leaving one point of Intersection when the 
pattern ia alternately rotated clockwUe and 
counterclockwise. This intersection represents 
equal response to the same wave by each array 
and may be uaed aa a bearing Indication. 

*■*■* Physical Arrangement 

The actual collector system developed follows 
basically the scheme outlined above, Since a 
wide band ia covered by the antenna ayatem in 
question, qusntltles given in terms of wave- 
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length refer to the wavelength at the arithmetic 
mean frequency unless otherwise specified. Fig¬ 
ure 27 is a schematic d gram of the array. 
For reasons of aymmetry, one pair of dipoler 
i* placed between the dipoles of the other. On 
the figure, the outer pair, spaced one wave' 
length, are differentially connected, while the 
Inner pair, apsced a/2 apart, are connected 
sddltively. All dipoles are placed 28.5 cm, or 
approximately a/4 from the reflector at 260 
me. Balanced feeders run from each dipole to 



*• screen, and through the screen to the 
switch or transformer, as the caae may be. 
Switching may be accomplished in either pair; 
in the flnai experiments! model the outer pair 
were switched. The feeders to the outer pair 
exceed In electrical length the ones to the inner 
pair by approximately a/4 to Introduce the 
phase lag of 90° required. 

**’ Choice of Electrical Elements 
To cover a two-to-one frequency range satis¬ 
factorily, the electrical characteriatics of the 
various elements making up the array must he 
carefully chosen. Brief conaiderations will in¬ 
dicate tht large number of parameters, each of 
which Individually alfects the performance, and 
many of which are interdependent. Theoreti¬ 
cally, for nondirectlonal "point source” ele¬ 
ments, the array will produce an Ideal direc¬ 


tional pattern having no spurious response 
lobes when the phase shift Introduced artificial¬ 
ly is exactly 90’ and the amplitudes utilired 
from the center pair and outer pair respectively 
bear a ratio of two to one. Since It was con¬ 
sidered undesirable to control the relative am¬ 
plitudes of the two pairs, Investigation indi¬ 
cated that good result* could be obtained with 
a one-to-one amplitude ratio, allowing the ideal 
90° phase shift to change with frequency from 
60 D at the iow-frequency end, through 90° at 
the center frequency, to 120 at the upper end 
of the frequency band. Limiting the phase shift 
to this range of values and maintaining a one- 
to-cne amplitude ratio through th frequency 
range, preauppoaea resistive dipole elements 
matched to the transmission lines, with no mis¬ 
match at the junction or other points of the sys¬ 
tem. 

Reference to dipole Impedance characteris¬ 
tics, Figure 6, obtained during the development 
of the V-l sntenna system will show that It la 
Impossible to obtain a uniform resistive charac- 
teriatic over the frequency range. While quite 
good standing-wave ratios are obtainable using 
one or more dipoles feeding suitable lines in the 
V-l system, where phase ahift is of secondary 
consequence, in the present case, where spuri¬ 
ous phase shifts may make the system Inopera¬ 
tive, attention must be given to all factors 
which can contribute to phase and amplitude 
variations. Since the presence of mutual radia¬ 
tion impedance between a dipole and it* image, 
and between two dipolea tends to increase the 
variation, over a range, of the total impedance 
of a dipole, spaclngs between dipoles and from 
the reflector must be chosen to keep these 
mutual Impedances at as low a value at the 
lowest frequency used as is consistent with 
other requirements. This means that spacing* 
between dipoles and from dipole to screen 
should be large in terms of wavelength at the 
lowest frequency used. 

Conflicting with this requirement is the 
phenomenon of spurious response lobes ap¬ 
pearing at the high-frequency end of the band 
when spacinga are of the order of one wave¬ 
length or more. Tile choice of these ipacings 
must therefore be a compromise based on these 
two limiting factors. 
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For the same reason*, the self-impedance of 
the dipoles should be as uniform as possible 
and essentially resistive. The dipole length to 
diameter ratio (7.6/1) used In the V-l system, 
offers a fair approximation to the ideal con¬ 
dition. A better approximation Is not possible 
without increasing the diameter to a she con¬ 
sidered excessive for portable uae. For fixed- 
station direction finding, however, modifica¬ 
tion* along these lines should produce a col¬ 
lector aystem capable of more uniform per 
formance through a two-to-one frequency band. 
Tranrmisaion Links 

At the center frequency, the transmission 
line* to the outer pair exceed the Inner line* by 
nearly one-quarter wave In order to produce 
the required phase shift. Aa outlined previous¬ 
ly, the ideal phase difference Is 90°. A quarter- 
wave exces* in tranmission lines produces this 
phase difference when no impedance mlamatch 
occurs in the system. When terminated by ac¬ 
tual dipoles, however, whose impedance varies 
through the band and Is partly reactive except¬ 
ing at a few points in the band, this condition 
doe* not hold. Further, the quarter-wuve exersa 
produce* a transformation in impedance in ad¬ 
dition to that occurring in the ahorter line. 
Therefore, at the junction point, the impedance 
presented by one »et of lines, terminated by It* 
pair of dipoles, is generally different from that 
of the other. As a reault, both the phase and 
amplitude of the two currenta ir the load are 
modified by an undesired amount. This last 
factor should, however, be qualified to this 
extent, that the amplitude modification may bo 
In a direction to approach a two-to-one ratio, 
which ia preferable to the one-to-one ratiu, and 
alio, when operating away from the center 
frequency, where the nominal phaae ahift Is 
more or less than 90°, the change may tend 
toward the 90° value deeired. Both, of course, 
may move In the wrong direction. A result 
which la unqualifiedly desirable is that at the 
center frequency, the impedance tranaforma- 
tion of the lines to one pair of dipoles it the 
inverse of the transformation in the lines to the 
other'pair, referred to the characteristic Im¬ 
pedance of the line. This means that the re¬ 
actances are of opposite sign and at least par¬ 
tially cancel. Off the center frequency, while 


i.t 

the transformations are not exactly inverse, 
they are nearly so, and reactance cancellation 
still occurs. The impedance of the aystem as a 
whole consequently has small phase angles 
through most of the range, as shown in Fig- 



Fiot'tE 28. Flat array Impedance ehararterUtieit. 


These consideration* should make It evident 
that In addition to the excess line in one 
branch, the characteristic impedance and total 
length of lines must be properly chosen. The 
number of impedances available in atandurd 
solid dielectric low-loss high-frequency lines Is 
limited. The lines used have an effective im¬ 
pedance that approximates the geometric mean 
of the impedance rango of each dipole; this 
minimizes the variation of the transformed 
impedances. The total length of liner should 
be kept as low as possible to minimize losses 
and undesired pickup, with thi* reservation, 
however, that they ahould be so selected at to 
avoid quarter-wave transformations at point* 
where the dipole impedance departs farthest 
from the characteristic impedance of the line. 
This is particularly thr case at the low-fre¬ 
quency end of the band. Should a quarter-wave 
transformation occur here on one of the lines, 
the other may be near a half-wave transforma¬ 
tion point; the latter will remain substantially 
unchanged, whiia the former will he raised in 
Impedance by a factor of perhaps three or 
more. If this happens to be the center pair, Its 
output current will be reduced by a factor of 
three or more, thus departing by a factor of 
■ix from the ideal two-to-one ratio. 

The physical disposition of the elements of 
the array sets a lower limit on the ussble 
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lenjrth of transmission linea. This minimum la 
ao me what more than one meter from the trans- 
former, through the awitch. to each outer 
dipole. Since the velocity of propagation In the 
50-ohm polyethylene cable used ia approximately 
64 per cent of the velocity of light In free 
apace, the actual electrical length is greater 
than the mechanical length by a factor of ap¬ 
proximately 1.6. For thla reason, air dielectric 
linea could poasibly be uacd to advantage. 
Furthermore, the attenuation factor of air di¬ 
electric lines ia generally lower, and more lati¬ 
tude ia available in the choice nf character ia tic 
impedance. Due chiefly to the eaae of adjust¬ 
ment to length, the experimental work on this 
array was completed uaing only the solid di¬ 
electric coble mentioned. The actual lengths 
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Fionas 29. Cabl* length! employed in connecting 
flat nrrey. 

used are given In Figure 29. The electrical dif¬ 
ference In length ia approximately 77°, this 
figure producing the beat performence through 
the range aa determln >d experimentally. A 
word of caution ia appropriate at this point 
concerning line lengths. Should It be deslced 
to duplicate this array, the electrical length of 
the linea must be acculately set. While not 
critical the adjustments should be made to 
within Vi cm or less. The velocity of com¬ 
mercial cable varies between different runs. All 
commercial cable should, therefore, be meas¬ 
ured, and cable preferably from the same run 
be used on one array. 


BALANCED-TO-UNBALANCED TEAK8EOEME* 

The transformer for converting ihe balanced 
system to unbalanced feed is similar to those 
used In the V-l array. A single transformer ia 
quite satisfactory. While reactance cancella¬ 
tion by means of a half-wave aeries line Is pos¬ 
sible as In the case of the V-l array, it may be 
omitted here with very little change In overall 
performance. The reason for this ia that In 
effect four dipoies are paralleled (after impe¬ 
dance transformation by their Individual lines) 
at the transformers, resulting generally In u 
lower effective impedance than the Individual 
dipoles have; the characteristic impedance of 
the quarter-wave transformer lines is high in 
comparison with this, and is increased by a 
factor equal to the tangent of the phase length, 
so that the effective shunt reactance la high, 
resulting in a low equivalent residual aeries 
reactance. 

Reflectob Dimensions 
The dimenaions of the screen used for this 
array are 120 cm high and 188 cm wide. The 
spacing between adjacent vertical elements ia 
the same aa used In the V-l array, namely, 
about A/20 at the highest frequency covered. 
By substituting fine mesh high-conductivity 
screen, this apsring was found to be adequate 
in that array. The overall aiie ia about the 
minimum that can be satisfactorily ustd. Some 
improvement in gain at the low-frequency end 
is possible by Increasing the reflector aixe. For 
sites smaller than uaed, the pattern broadens 
considerably, resulting In lowered gain. 
Relative Response in Azimuth 
The performance of this system compacea 
favorably with that of the corner type uaing 
an array of two dipoles per screen. Response 
patterns for the flat array, at 140 and 300 me, 
are given In Figures 30 and 31. While th» pat¬ 
terns exhibit considerable variation through 
the band, as compared to the corner type, the 
intersection pointa of overlapping lobes arc 
satisfactory. The adjustment of the system In 
this reaped is very much more restricted than 
in the V’ type, where a mere change in the 
screen angle changes the Inter'cctics point. 
While at any one frequency the pattern may 
be changed over wide limits by adjustment of 
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th* line length*, this process also charge* the 
pattern through the rc*t of the range in a dif¬ 
ferent manner. The intersection points ihould 



mutk at 140 me. 


be conaldered Axed, unless variable controls are 
incorporated in the aystem, and this was ruled 
out in setting the preliminary scope of work. 



Polarization Futon* 

The polarization errors of the flat array are 
quite low. The method of presenting polariza¬ 
tion error data ia the same as used in the V-l 
array. On each graph showing the error under 
various condition* ia placed a curve showing the 
horizontal-to-vertical ft eld ratios through the 
range of elevations used. The maximum error 
obaerved at 150 me is 6.5 ; at 300 me the maxi¬ 
mum error is 3.5°. 


Impedance Characteristics 
As indicated above, the approximately In¬ 
verse transformations occurring in th* trans¬ 
mission lines to the outer and inner dlpolea, 
produce a comparatively high degree of reac¬ 
tance cancellation. The resulting impedance of 
the system, as seen at the transformer, and in¬ 
cluding the effect of the latter, is quite uni¬ 
form. and has small phase angles through most 
of the range. Reference may be mad> to Fig¬ 
ure 28, which give* the impedance and the 
resistive and reactive components through the 
frequency range. 

Gain or the Flat array 
At may be Inferred from an examination of 
the relative response patterns, the gain of the 
flat array ia less uniform through the band 
than the gain of either the V-l or V-2 arrays. 
The variation Is cyclic, but its magnitude Is 
not large enough to be serious. Figure 32 gives 



the gain over the range, compared, as in the V 
array*, to a nondirective, or isotropic antenna. 
For comparison with a half-wave dipole in free 
space, figure* obtained from this curve should 
be reduced by 2.14 db. 

“ SWITCHING AND INDICATING DEVICES 
Switches 

To switch between antennas of the V arrays 
and to obtain the required phase reversal In 
the flat array, a motor-driven switch was 
developed that has electrical eharacteriatlca 
aimllar to the transmission lines so that dis¬ 
continuity of Impedance and the reaulting re¬ 
flections r<re minimized. The desired charac¬ 
teristics are obtained by adjustment of capaci¬ 
tance per unit length to the required value, 
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The type of switch employed is shown In 
Figure 33 and consiata of two moving contact 
member* end four fixed contact*. The moving 
contact* are driven through an eccentric ball¬ 
bearing race. The fixed contact* are ad juatable 
so that adjustment* may be made which permit 



cloalng the r-f aection before cloaing the meter 
contact*. Adjuatmenta are alao possible which 
permit opening the r-f circuit before the indi¬ 
cator circuit. This arrangem waa found nec 
eaaary to eliminate transient* In the meter be¬ 
cause of the antenna make-and-break. The bear¬ 
ings of each moving contact ire clamped in 
rubber pad* between bakelite block* In order to 
minimize chatter. 

Previoua experience in the construction of a 
awltch for similar function* showed that the 
selection of the correct contect material waa 
Important. Silver, gold, iron, and aevera] other 
metals and alloys proved unsatisfactory where 
extremely low r-f currents were to be hroken, 
even though fair contact preaaure waa avaii- 
■ bl< and the contacts were mechanically wiping. 
The moat satisfactory material found, and one 


which operates fo' long periods without trouble 
from varying resistance, is rhodium. 

A* used on the V array the switch conaiat* 
of two aections. The flrat aection awitchea the 
leads from each aide of the array to the receiver 
line and aimuitaneoualy disconnects the unused 
half of the array and grounds it by means of 
back contacts. The second section of the switch 
ronalats of ■ mechanically similar unit con¬ 
nected to operate as ■ single-pole aingle-throw 
twitch to couple the receiver output to the Indi¬ 
cator bridge. 

When used with the fiat array, the first 
section of the switeh waa modified to become a 
double-pole double-throw unit with the back 
contacts insulated from ground and utilized as 
shown schematically In Figure 27. 

The motor used to operate ihe switch has a 
12-volt universal winding, coupled to the 
awitchea through a trn-to-one reduction gear. 
Speed la controlled by a Variac In aerie* with 
the primary of the supply transformer. Nor¬ 
mally the awitch la operated at a ipeeu between 
five and ten cycles per second. Limitations In 
the maximum a peed are purely mechanical. The 
Indicator damping and dealred responslvenesa 
set the lower limit to the usable apecd. 

The ihifl* of the awitch aection* are linked 
together through Oldham coupling!. These 
allow removal of Individual switch aection* for 
repair or adjuatment and permit proper re¬ 
placement of the awitch without the necessity 
of resynchronizing, or the reorientation of tba 
ahafta, since the latter can be reassembled oniy 
In the desired position. In addition, this type 
of coupling takes up misalignment of shaft*, 

The motor leads are unshielded and run 
through the hollow aluminum antenna drive 
abaft without r-f Altering. The r-f interference 
caused by sparking motor brushes appeared to 
be entirely absent at the frequencies used, and 
no trouble was encountered from this source. 


Indicator* 

The indicator used in the majority of testa 
consist* of a simple zero-centered, 100-micro- 
ampere d-c meter having rather high electrical 
damping. The acale is marked off with the 
letters L-O-R, indicating the direction In which 
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the array should be routed in order to obUin 
the bear inf. 

The connections to the indicator from the re¬ 
ceiver and switch are shown •chemtticiily in 
Figure 34. The uie of the capacitors C, and C, 
in piace of a resistor network ie advisable as it 
allows considerable latitude in the adjustment 
of the switch contacts, The dwell periods do 
not need to be equal with this arrangement 
since it operates similarly to a peak voltmeter. 



Tiaina. 84. Connection of indlrntar to rsceivsr 
and nwiteh. 


Capacitor C, Is used to sUbiilze the indicator 
and prevents the pointer from responding to 
the low-frequency switching rate. With this 
type of indicator it is necessary that the re¬ 
ceiver furnish an audio-frequency output that 
In turn ia rectified by the rectox unit. A beat- 
frequency oscillator In the receiver would be 
desirable to furnish the audio frequency, but 
due to the Inherent insUbiiity of the receiver 
r-f oacillator and many of the transmitter 
carriers operating at these frequencies, the use 
of a beat-frequency oscillator is limited. The 
particular receiver used is equipped with an 
audio oscillator that modulates the inter¬ 
mediate frequency and furnishes a tone output 
from s c-w carrier input. 

When receiving radar, pulsed at audio fre¬ 
quencies, it is not necessary to use the a-f 
heterodyne oscillator, providing the repetition 
rale of the transmitter is sufficient to produce 
a fair amount of a-f output. The direct current 
to operate the indicator could have been direct¬ 
ly obtained from the a-e line. In thii case It 
would not have been necessary to modulate lo¬ 
cally the c-w carrier but it would have been 
inconvenient In uaing the receiver for other 
measurements requiring fixed gain. Although 
methods of indication were not a part of the 
problem, there are several others which may 
be used advantageously with these arrays. 
These are described below. 


M COMPARISON BETWEEN V AND 
ELAT ARRAYS 

The advantages and comparison of the two 
types of arrays as observed during their devel- 
opmcfii may be summarized aa follows: 

The V array, using two dipoles (spaced 83 
cm) per screen, is electrically a satisfactory 
unit possesaing good directivity and reasonably 
imr polarization errors which may be further 
improved by careful balance. The directivity is 
not confined to s narrow sector so that there is 
little possibility of losing a desired signal 
located within a known sector of at iesst 120°. 

The construction of the dipoles and trans¬ 
mission line system Is such that an accurate 
balance between the two halves of the array 
may be readily obtained. This balance can be 
maintained for long periods of timo without re¬ 
adjustment. 

The Intersection point of the switches lobes 
may be chosen by setting the screens to the 
desired angle, and this point remains reason¬ 
ably constant throughout the frequency range 
as the polar patteme are not subject to sudden 
chenges with frequency. 

The bearings are ehsrp, and with interlock¬ 
ing of the lobes at the angle of 17.6° from the 
lobe maximum, i.e., with the internal angle be¬ 
tween screens set at 145'’, the bearings are 
repeatable to approximately 'V throughout the 
frequency range down to a signal input equal 
toone-half the receiver noise, measured at a lobe 
maximum. 

There are no reversals in bearing throughout 
the frequency range snd "sense" is therefore 
unmistakable. If a bearing should be obtained 
uaing the back of the screen, i.e., at 180°, It is 
readily noticed for two reasons: 

1, The action of the indicator is reversed. 

2. The amplitude of the received signal Is 
greatly reduced. 

Mechanically this array eppears to be best 
suited to locations which are semifixed In 
nature and where space Is not of great impor¬ 
tance. This is due to the wide turning radius 
required for the 150- to 800-mc array. If de¬ 
signed for higher frequencies, the array size is 
proportionately decreased throughout and be¬ 
comes suitable for portable use. 

The large array as used during the tests 
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proved aomewhat awkward to handle In a high 
wind. Thi* eouid have been remedied by plac¬ 
ing the apex of the acreeru aomewhat ahead 
of the supporting rotating member, thereby 
improving the dynamic balance. 

The addition of a 300- to 600-mc array at¬ 
tached to the back of the large array, forming a 
diamond-ahaped section as viewed from the 
top, would alao tend to improve the balance and 
decrease the weather-vane action. 

The advantages of the flat array lie in Ita 
smaller else, greatly improved rotational bal¬ 
ance, and eaae of operation. 

The bearinga are ahnrp throughout the band 
and may readily be repeated to better than one- 
half a degree, a alight improvement existing 
between the sharpness of this array at cer¬ 
tain frequencies and that of the V array. 

The average polarization error ia slightly 
lower than that obtained with the V array, and 
in general, this system appears to be a prefer¬ 
able type for operation on signals which have 
a reasonable length of transmission period. The 
reason for this latter qualification ia that at 
some frequencies the iobet nre quite sharp, and 
unless the nrray ia oriented within a few 
degTece of one >f the lobe maxima, the signal 
may not be picked up. In addition, at a num¬ 
ber of frequencies there are reversal* of indi¬ 
cation that are symmetrically located on either 
aide of the true bearing. The reversals are 
caused by the way in which the lobee overlap, 
or in some inatances do not fully overlap, a 
spurious aide lobe. In general, a false Indica¬ 
tion Is readily detected either by the amplitude 
of output, which ie relatively weak at the re¬ 
versal point, or more accurately by reversal of 
indication. The uee of the cathode-ray indica¬ 
tor removes all ambiguity. 

Since the polar patterns change rapidiy with 
changes In frequency due to a multiplicity of 
effects resulting from phaae shift emueed by 
the electrical changes in epacings and trans¬ 
mission-line linkage, it is not possible to iocate 
the optimum cross-over point of lobe intersec¬ 
tions at more than a few frequencies. At the 
remaining frequencies the intersections fall 
where they nu.y. although with the antenna 
spacing* and line* cut to the dimensione ahown, 
the performance approaches the maximum ob¬ 
tainable over the frequency range and does not 


depart greatly from the optimum or desired 
performance except at the higher end of the 
frequency range, where the intersection of the 
lobe drops to an amplitude somewhat below 
that desirable for optimum signal-to-noise 
ratio. The effect on bearing aenaitivity in this 
case ia to Increase the angular sensitivity to 
the detriment of the radio frequency sensitivity 
aa indicated by the calculation* for optimum 
performance. 

In either type of array the use of two coaxial 
shielded flexible cables appears to have an ad¬ 
vantage over the more commonly used spaced 
air-dielectric twin pairs. Thi* is apparent elec¬ 
trically from the good degree of balance that 
may be obtained by simply cutting to the same 
mechanical length ieads that are to be matched. 
The uniformity of cable, of reliable manufac¬ 
ture, obtained from the same reel, is sufficient 
in moat cases for one to be reasonably aure of 
better than passable matching. This wa* elec¬ 
trically measured and checked several times In 
the course of changes and development. It ie 
believed that auch r-f cable Is adaptahle to 
feeders for the elevated H Adcock-type anten¬ 
na. where etrict symmetry and balance are re¬ 
quired. 

« COMPARISON BETWEEN DIFFER¬ 
ENTIALLY CONNECTED SCREEN ARRAYS 
AND H ADCOCKS 

Some data were obtained using the V-l ar¬ 
ray differentially connected, and the V-2 array 
with each pair differentially connected to the 
oppoiite pair, the dipoles of each reflector 
being connected in phase. The latter connection 
Is indicated in Figure 36. This conatruction is 
interesting because, while it resembles an H 
Adcock, the screen angle ie auch that the spuri¬ 
ous aide lobes normally obtained with multiple 
dipoles on a flat array are absent due to the 
fact that at wide angies from the null, one an¬ 
tenna is ehielded by the screen from the signal 
source and hence the syetem no longer acte as 
a differential ayetem. 

It ia difficult to make quantitative comparison 
between this differentially connected acreen ar¬ 
ray and the more common elevated H Adcock 
which it reaemblct without a side-by-alde.check 
using field-intensity equipment. However, it is 
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powible to indicate certain generalities and 
limitations. 

The type of Adcock to be considered as s 
reference la of the balanced elevated H design 
most commonly used on these frequencies. The 
selection of dipole length and spacing would 


of the lobes doea not materially affect the bear¬ 
ings, and therefore the effect of reradiating 
objects, located behind the screen, ran be 
tolerated to an increased degree. 


vary slightly with the designer's choire, but a 
normal unit would have a dipole apaclng auch 
that, at the minimum wavelength, the spacing 
would not exceed A/2, In any caae, the choice 
of apaclng would be such that the polar pat¬ 
terns would not divide Into more than two 
lobes Four lobes, such as would appear at a 
spacing of A would, of courae, be unusable as 
there would be no rapid way to distinguish 
which of the four bilateral minima would be 
correct. Therefore the conventional spacing 
would be such as to give a pattern approaching 
a cosine curve, and might be In the order erf 
A/6 to a/ 2, giving at the smaller spacing a 
maximum response equivslent to that of a 
single dipole In free space, and at the greater 
spacing a maximum response double this value. 

If, however, single dipoles of length equal to 
the above Adcock but uf suitable diameter are 
arranged at an appropriate distance in front 
of a V screen and these dipoles are differential¬ 
ly connected, there are three important results. 
First, the gain of the dipoles is increased In a 
direction normal to the screen by a factor of 
approximately 6 db; second, the response pat¬ 
tern becomes unidirectional; third, the pres¬ 
ence of surrounding objects outside of the field 


It becomes possible to utilize a spacing of 
rreater than one wavelength between dipoles 
placed in front of an angle screen and atlll ob¬ 
tain only two lobes, There are no lobes on the 
back of the screen, and hence, no "null” or 
balance between lobes in a direction parallel to 


the plane of the screen. Minima exist along the 
plane of the acrcen, but these cannot be con¬ 
fused with a null as rotation beyond the line 
parallel with the screen does not increase the 
output. The advantage of the increased dipole 
separation up to one wavelength or more is 
that the angular sensitivity is increased. 
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The polar patterns result In when the V 
array, using two dipoies per screen, is can- 
nected as a balanced system using a differential 
connection between the two pairs are indicated 
in Figure* 36 and 37. The spacing between 
dipoles in this case was 1.22a between the 
midpoint of each pair at the highest frequen¬ 
cy, 300 me. The angie between screen* was not 
optimum for this use, but the polar patterns 
illustrate at three frequencies the forward gain 
and indicate the extreme sharpness of nulia. 

The forward gain of each pair of two dipoles 
in front of a screen, at an angle normal to the 
screen, is approximately 8 db over the two-to- 
one frequency band when compared to a single 
dipole in free apace, A/2 long at each frequency 
of comparison. The gsin measurements for the 
pair of antenna* in front of a screen are given 
in Figure 22. 

The measured polarisation errors arc low 
and are given in Table 1. The tiited-dipole 
method was uaed in measuring these errors, 
and this may be roughly correlated with mea¬ 
surements made with the variable-phaee polari¬ 
sation transmitter by reference to the measure¬ 
ments made on the lobe-switched V-l array 
where both methods were uaed. In general, It 
appeared that the tiited-dipole method was 
quite satisfactory at these frequencies, particu¬ 
larly when the errors were low. Wnen properly 
used it is indicative of the general performance 
to be expected. 

The V-2 array mentioned above is that dis¬ 
cussed in preceding sections as the V-2 array, 
wherein it was connected aa a lobe-awitched 
device. The edges of the screens were insulated 
from the supporting pole. Separate balanced- 
to-unbaianced tranaformera were used at the 
back of each screen and grounding to the sup¬ 
port pole was made through the shield of the 
coaxial cable leading from the transformer* to 
the central support shaft 

«• DESIGN OF BALANCED-ID- 
UNBALANCED TRANSFORMERS 

The transformers used in both the V and Bat 
arrays for converting the balanced dipole sys¬ 
tem* to an unbalanced line are designed along 
the eame lines. Each consists of two short-cir¬ 
cuited coaxial sections, a/ 4 long at the mean 


frequency, one connected across each half of 
the balanced line. Where reactance cancellation 
i* desired, a shorted half-wave section may be 
inserted in aeries with the grounded side of the 
unbalanced line. The circuit is shown schemat¬ 
ically in Figure 38. 



Frautt 38. Schematic of transformers for eon- 
noctlna balanced doublet* to unbalanced lines. 


If the dipole impedance is taken to be re¬ 
sistive, each half may be represented by R.. 
The A/4 line* have a characteristic impedance 
Z, and Input impedance Z„ while the corre- 
sponding impedance* for the half-wave iino are 
Z, and Zi. The impedance looking toward the 
dipoles at Z is 


For lossless lines, Z, jZ , tan 4, 4 being the 

phase length. 


Then 


y 2,)'£i t nn 4 H. 

* jZ, tsu m + W, * 


(2) 


Z 


2 Z? t»n>*^. 
tan 1 * + /?.* 


2fl. 

*\; 3 Z 7 

T Zj* tan'o 


17. x tall 4> 



(I) 


If Z, Is made greater than R„ and 4 is In the 
vicinity of 90°: 

Z\* tan* *»*.«. (6> 


/.' tan 1 a 

li/ 


* H.’ 


( 6 ) 
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h" 1 ™ *- w - + ’zTiOr t a > 

Also Z 4 - }Z, un 20 (8) 


and for reactance cancellation— 

jZt Ian 20 + 1m (Z) *» 0 

*SS* 

«ir 2ff ,* - - Z,Z, Un 0 Un 20 

- -z,z M - 2 -'^. 

Again, for 0 in the vicinity of 90°, 


(10) 

111) 

( 12 ) 


2 tan* 0 

1 - un* 0 * 


2 


(13) 


*o that!?,* = Z, Z r If this condition Is satisfied, 
the residual series reactance introduced by the 
transformer is minimized through a frequency 
range over which the approximations made are 
valid. 

The error due to the approximation 


(14) 


may be made negligible by making Z, much 
greater than R.. The practical limitation is the 
large ratio of diameters required in the coaxial 
eiemenU for high Z,; alao, Z, increases much 
more slowly than this ratio (as the logarithm 
of the ratio). 

The other approximation: 


ian>_0_ 

lan* 0 I 


(151 


when made over an effective phase iength of 
60° to 120°, corresponding to a two-to-one fre 
quency range, introduces an error of 33> 3 
per Ciint at the two extremes, and, if desired, 
may be Uken into account. 

If an open-circuited quarter-wave line is sub¬ 
stituted for the half-wave iine, the condition 
for cancellation becomes 



or 2= Z,Z, tan 0 eot * 

- ZJ. j. (17) 

This is exact, and eliminates the second ap¬ 
proximation, but require* twice the previou* 


value for Z.Z,. The shorted half-wave section 
also assists in keeping current from traveling 
down the outer conductor of the coaxiai down 
lead and may be more desirable for direction¬ 
finding use, where stray fields must be kept to 
a minimum. 

The trauaformers may be seen in Figure 4 
mounted on the back of the V-l array. The me¬ 
chanical arrangement of the transformer it 
shown in Figure S9. 



A transformer of this type is the equivalent 
of an electrostatically screened transformer, 
and prevent* a balanced system from acting as 
a grounded antenna, that ii, it prevents a 
dipole from responding as a unit to a potential 
gradient between it and the ground. It anables 
the system to be balanced by merely establish¬ 
ing balance from the transformer to the dipole; 
the unbalanced iine from the transformer to 
the receiving equipment does not, of course, 
require such treatment. 

The reactance cancellation line may be omit¬ 
ted under certain circumstances. If the resul¬ 
tant impedance of the antenna circuits, as seen 
at the transformer, is tow, the transformer 
characteristic impedance may be made suffi¬ 
ciently high with reasonable diameters of the 
quarter-wave element* so that the residual 
series reactance introduced may be negligibly 
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•mail, Compensation under these circum- 
bUnce* would hardly be juetltied. In view of 
the fact that the antenna Impedance la Itaelf 
partially reactive, and may contribute an ap¬ 
preciably larger reactive component than the 
tranaformer. 


DETERMINATION OF GROUND 
CONSTANTS 

To obtain the magnitude of ground reflection 
effect* required for the correlation of polariza¬ 
tion error data, a number of methoda of mea- 
•urementa were reviewed in the literature. Tho 
normui incidence method developed by Mc- 
Petrle* appeared to be the most likely to yield 
accurate results. Essentially it consist* of set¬ 
ting up a field from an elevated source, and 
sampling the standing wave pattern set up by 
the direct and ground-reflected waves at nor¬ 
mal incidence. The ground constants may be 
deduced from the data so obtained. 

Primarily because of the special setup re¬ 
quired for thi* method, a comparatively simple 
laboratory method was developed, more suita¬ 
ble for the available facilities. The results ob¬ 
tained show good agreement with published 
data on the ground constanta In the vicinity of 
the test site, as well aa with oblique incidence 
fleld-intenslty measurements made during po¬ 
larization error investigations The degree of 
correlation may be obeerved in Figurea 14 and 
15, where the measured standing wave pattern 
la shown with the pattern calculated on the 
basis of the measured ground constants. 

The method employs a short section of coaxial 
line aa an extension to a slotted coaxial mea¬ 
suring line, both having the same transverse 
dimensions, and consequently the ssme charac¬ 
teristic impedance with air aa dielectric. Pro¬ 
vision is made for either open or short circuit¬ 
ing the end of the extension. The input im* 
pedsnee of the extension is measured, when a 
sample of the ground In question ie substituted 
for tho air as dielectric, for the two conditions. 
The Impedances so obtained may be repre¬ 
sented as foilowa: 


Z., = | Z„ , /»„ (18) 

Z„ , Z., I*.. (19) 


The characteristic impedance of the extension 
is then 

z .= z„z„ 

= I Z M 11 Z„ I /»„ + 

= | ZJS.V [ [cos (»„ + #,J 4- j tin (».* 4 *„)] 
( 20 ) 

- r 4- jx ^ (21) 

where Z*. — open-circuit impedance, 

Z„ -- short-circuited Impedance. 
Assume a harmonic plane wave propagated 
longitudinally along the coaxial line. The field 
component* are transverse; E r la the radial 
electric Held and H, the tangential magnetic 
field, as in Figure 40. The other field compo¬ 
nents are zero. 



The ratio of the electric to the magnetic field 
of a plane wave at a point ia the intrinsic Im¬ 
pedance of the madium for plane waves : 


- Z 


\ * +jut ' 


(22) 


Here p,«, «, are the permeability, permittivity, 
•nd conductivity, respectively, and m the angu¬ 
lar velocity. 

To obtain the relation between the Intrinsic 
impedance of the dielectric and the characteris¬ 
tic impedance of the line, the iongitudinal cur¬ 
rent and the transverse voltage are required. 


CONFIDENTIAL 




The longitudinal current is 


PETEK MIMA TIPIV Of OBOUND CONSTANTS 


Became of circular symmetry, H. la indepen¬ 
dent of »; then, along a circle of radlua r, aince 
ft. Ilea along the circle, 


The characteristic impedance of a line in 
defined a> the ratio of the tranverse voltage 
to the longitudinal current. Hence 


Since H. ia constant for a given r, 


!l - 


- 11,12 wr). (2B) 

If the conductivity of the inner and outer 
cylinders ie much greater than that of the di¬ 
electric, the current enclosed within the path 
of Integration (r,<r<r 1 ) may be assumed 
to flow entirely on the inner conductor. Equa¬ 
tion (26) therefore gives the longitudinal cur¬ 
rent on the inner conductor. 

The traneverae volUge between the outer 
and Inner conductors la defined as the fine 
integral of the electric field between the con¬ 
ductor, along a path lying In a transverse 
plane. A radial path is moat convenient: 


Since E and d« an 
radius, it follows that 


' f t- ' d« (27 

ire both directed along a 


Tiila ia the required relation connecting Z< 
and 1. The characteristic impedance of a 
coaxial line ia thus given by the product of a 
geometrical factor and the intrinsic Impedance 
of the dielectric medium. If two dielectrics, 
air and ground, are compared in a line of fixed 
geometry, 


i 

- v, ;r 

\ + jvt ■ 

Here the subscript g refers to ground used as 
dielectric, and 0 to air dielectric. 


Z. \ ** 

/, , 0,7 “ , 


If the permeability of the ground ia taken to be 
equal to that of air or *ree apace. 


•ulwiituting (30) in (29) 


substituting (31) in (28) 




Thua far mka units have been used. The equa¬ 
tion for converting , to electrostatic units ia 


For converting a to electromagnetic units the 
following equation applies: 
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Making these conversion*, noting that «, = 1 
in esu snd dropping th« subscripts a »nd 0, 

The quantity under the radio*I is known ** 
the complex dielectric constant, tnd msy be 
represented «m Z — >•". 


and from equation (21) 


* ' r+ji 

-^5 -i$$ii '« 

where the valuec of r tnd x are to be obtained 
from equation (20). 

Equating the real and imaginary parts: 



Using this method, was found to be equsl to 
10, and u 8 8X10 14 emu for the ground at 
the test site. 

Care roust be exercised in packing ths earth 
into the line extension to maintain ths earns 
density in the actual and measuring conditions, 
Rspested measurements Indicated prsctleally 
constant «, while «' showed some variation 
depending on the moisture content of the earth. 
The value of 10 may be taken as representing 
iversge conditions. 


*<■ IMl’EDANirE OF A CYLINDRICAL 
DIPOLE BEFORE A REFLECTOR 
As indicated above, considers ble varistions 
were encountered between the measured impe¬ 
dance characteristics of the dipoles used on the 
V-l screen snd the theoretieal characteristics 
based on prolste spheroidal dipoles as given by 
Stratton and Chu.’ Certain other treatments 
of the problem were examined in an attempt 
to obtain better agreement between experimen¬ 
tal data and existing theory. 

The vslues of self impedance obtained from 
Hsllen’s formulas ss given b.v King snd Blake,' 


snd King and Hsrrlson, nd the value* we 
calculated from the formulas of Schelkunoff, 1 * 
were compared to the experimental vslues of 
impedance obtained on the V-l array. The 
litter is the impedance in the presence of the 
reflector; corrections for the mutual Impe¬ 
dance between the dipole and its imege were 
to be applied on the basis of the theory de¬ 
veloped by Brown/' 

The values of self resistance based on 
Hallen’s formula were found to be too high; 
results obtained from Schelkunoff'* formula 
showed better agreement, but not good enough 
for engineering purposes; * correction” for the 
concentrated capacitance in the vicinity of the 
gap brought this theory into much closer igree- 
ment with the measurements. It msy be men¬ 
tioned that * modification of Hallen’s solution 
by Gray,” yields better result* than the origi 
nal, but not aa good as Schelkunoff’s. A com¬ 
parison of the latter with our measurements 
is made below. 

The self impedance of a cylindrical dipole is 
given by: 

Z M -r 

- 6 ( 2 <B)lsin« -I Z. -/i(2g f)|cnsflfl 
f Z, +/, (2(Jf) |*in/Jf +£¥",+/,( 201 ) \ea*W—]N i co*(K 

(«> 

7. mV - self impedanoc 
Hi - terminal resistance 

= 00 (’in 2tfJ+30(C-Hn 0l -2 Ci 2/Jf+Ci 4 fit) 
cos 201 + 30 (Hi 4jJf -2 Si 2$) sin 2 01 
,Yi •-» terminal reactance 

- no Si 2 01 + 3(1 (Ci (dl -In 01 -C ) sin 2 0i 
-30 Si 4 0t oos 2|St 
U(20) - «0(Cin 201 2 sin* 0l) 

- 0O(Si 201 sin 201) 

Z. - 120 In ~ 120 



X - wavelength 
I »■ half length of dipole 
n - radius of dipnle 

Ci( ) - cosine integral function, tabulated l, M 
Si( ) - sine integral (unction, tabulated “• 14 
C’ui( )-C + ln|) Ci ( ) 

(’ — Killer’s constant (” 0,5772) 
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The resistive component of the self impe¬ 
dance is; 

««li - jj H, \/„ + J t Vim sin 2(tf -/,(2S<) c.w2tf| 
(SO) 

The reactive component of the self impe¬ 
dance is: 

A„,i - + A,* *.* + /,WJ 

+ «i» 2 pi + l/.C-W /i(2di) ZJii |- 

cos 20l + |.\«/,<20f) 

- ZJt{M>\) (51) 

D - {It, cos @0’ + { \Z, + J,l 2(*i| Hilt pi 

+ |A, + /,(2<tfi| cue gl t« (52) 

Kivu re 41, curve o. is a plot of the resistive 
component of the free space Input impedance 
of the dipole uaed In the V-l airay. as obtained 



front of reflector. 

from equation (50). The resistance corrected 
for a gap capacitance of 2.0 ppf is shown in 
curve 5, while values of the measured resis¬ 


tance are given In curves e, d, and r lor spac- 
inga front the reflector of 33. 28.6. and 24.2 cm 
respectively. Curve h ia in good qualitative 
agreement with the measurements. The out¬ 
standing differences are the downward dis¬ 
placement along the frequency acalc of the 
experimental curves, and the relatively high 
maximum value of the theoretical curve. Better 
agreement is possible if % decrease in velocity 
of prop’/atlon greater than predicted by the 
theory Is assumed. 

The corrections for mutual impedance wero 
not applied to the theoretical curvea, as the dis¬ 
crepancies between the latter and the experi¬ 
mental curves are of the same order of magni¬ 
tude as the corrections involved. To test the 
applicability of the mutual impedance theory 
to dipoles of the proportions used, the reverse 
process was adopted. Starting with the three 
measured resists re curves of Figure 41, the 
three corresponding self-resistance curvea were 
deduced by means of the Inverse corrections 
for mutual resistance. The three aelf-rewis- 
tance curvea so obtained are almost identical 
up to a full-wave dipole length, indicating that 
the theory )■ applicable up to this limit. The 
group of three seif-resistance curves is Iden¬ 
tified as 1 on Figure 41, * 

The mutual resistance la accounted for in the 
following manner; The resistive component of 
the coefficient of radiation coupling is known 
to be independent of dipole length for two 
identical parallel nonstaggered thin dipoles, 
up to one wavelength long. It may be defined 
as the ratio of the resistive component of 
mutual impedance to the resistive component 
of self impedance. Thus, if the coefficient is 
known, either the self or mutual resistance 
may be obtained provided one or the other is 
known. 

The mutual resistance between two dipoles 
as limited above is :' 5 

- JfL, {2(2 -HW Wi 2d- A nrn'm ; pK 

+ <1 pF) + cos 2 0 (< 'i QO + C'i pH) 

+sin 201 (Si pH -Si 00-2 Si pF + 2 Si pH) f 
(531 
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The notation here is the some aa above, with 
the addition! 

a half the distance between the two 
dipoles (or the distance from one 
dipole to a reflector) 

&' - (V 4** +7* - 1) 

F = (V 4»’ + fi + 1) 

G » (2 V •*"+ ^ 1) 

H -- (2 \/V + J> + 1) 

Since equation (53) Is the asymptotic ex¬ 
pression for the mutual resistance of two in¬ 
finitely thin dipoles, it may not be compared 
with equation (50) directly to obtain the resis¬ 
tive component of the coefficient of coupling. 

The following expression may be used : 

«„u-*l|U col' el) ((‘in 4(H) +4 cot’ fil (Cin 201) 
+ 2cot0l(8i4df -2 Si 200} . (M) 
The ratio of equation (53) to equation (54) 
is the resistive component of the coefficient of 
radiation coupling. A plot of R.^.^/R..,, ia 
given in Figure 42 aa a function of 2 a/x. 



hS« m !■«•« .1 ■ * ■» !■! - 

The deduced values of self resistance given 
by curve / of Figure 41 were obtained using 
Figure 42, since the input resistance may be 
expressed as: 

. (55) 


Calculation of the aeif reactance is based on 
equation (51). The mutual reactance is ac¬ 
counted for aa follows: the phase angle of the 
mutual Impedance between two identical paral¬ 
lel nonstaggered thin dipoles, up to one wave¬ 
length iong, Is to a first approximation Inde¬ 
pendent of the length, and a linear function of 
the spacing. The linear connection ia, for ■ 
greater than 0.1a, 

* 312 £ + 42 (5«) 

Here * ia the phase angle in degrees; the other 
symbols are aa previously used. 

From the relation 



and the previously obtained values of R m .. 

X ntl ,i may be determined. The total input re- 
actanoe is then 

.V„ - A'*,, A’ BII|M , . (58) 

Since the expression for contain* tan 

♦ *a a factor, the correction for X„.,„, as ex¬ 
pressed In equation (68) may have much larger 
values than the corresponding correction 
in equation (66). The former correc¬ 
tion was therefore applied directly to the value* 
of X.,„ as obtained from equation (51), for 



tms if »■ 


the dipole* used on the V-l array, for three 
values of the spacing t from the reflector. Fig¬ 
ure 43 is a plot of these: curve A it for * spac- 
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ing of 33 cm. or a/ 4 «t 227 me; curve B. 28.5 
cm. 263 me; curve C. 24.2 cm. 310 me. The 
corresponding experiment*] curves are ihown 
*t o, 'o, *nd e of the i*me figure. An examina- 
tion of the«e curves indicates that the correc¬ 
tions for mutual reactance are of the correct 
order of magnitude. As in the case of the 
resistance curve* of Figure 41. the experi. 
mental reactance curve* correspond to * veloci¬ 
ty of propagation lower than that predicted by 
the theory, and the value* of computed reac- 
tance are high. 

The accuracy of wavelength determination* 
made in the course of impedance measure¬ 
ment* Is sufficiently high to preclude the pos¬ 
sibility of experimental error accounting for 
the difference In velocity of propagation in¬ 
dicated by these two seta of curves. 

«•*« CATHODE R \Y INDICATION AND 
AUTOMATIC CONTROL 

Subsequent to the expiration of the contract, 
teveral methods of cathode-ray indication equiv¬ 
alent to plan position indicator* [PPI] were 
developed and an automatic control was added 
to the fiat array to Indicate the practicability 
of the arrays when used for direction finding. 

In searching it is desirable to rotate the an- 
tenn* array and provide a visual means of 
locating the azimuth. To accomplish the rota¬ 
tion and also to provide mean* of automatically 
obtaining a bearing once the signal quadrant 
Is known, an amplidyne servo system was in¬ 
stalled, This was used to drive the antenna 
shaft either (1) through means of a manually 
operated selayn control, or (2) automatically 
through auitable output amplifier* connected to 
the differential voltage developed across the In¬ 
dicator meter circuit. These two arrangements 
provided mean* for rotating the array to any 
desired azimuth when the selayn was uaed, or 
to automatically orient the array to the signal 
bearing when the receiver output differential 
voltage was used as the control. The maximum 
speed of antenns rotation from either arrange¬ 
ment waa 6 rpm, 

In addition to the L-R indicator meter, 
which indicate* when the array is on bearing, 
a long persistent CR tube was used in the com¬ 
binations which foliow, The mesns of placing 


the CR spot or trace, depending upon the 
presentation employed, waa to gear a resistor 
control to the antenna shaft and provide elec¬ 
trical connection* from thi* to the deflecting 
plates of the CR tube. The reaistor consists of 
a circular strip with two brushea at 90° from 
each other. If direct current Is applied to the 
proper terminals of the resistor strip, the CR 
spot is moved from the center of the tube to an 
angular position corresponding to the location 
of the resisti r brushea. 

Under the above condition, rotation of the 
brushea produces a circular trace. The resistor 
control being geared to the antenna shaft, 
therefore, produces a trace which i* synchro¬ 
nized with the antenna array. Thi* is shown 
schematically in Figure 44. Several forms of 


u— 



presentation were tested, which, in each case, 
indicated the array position and the relative 
amplitude of the signal. 


Indication Presentation 
The first method employed was to superim¬ 
pose on the circular trace the differential volt¬ 
age developed across the L-R indicator meter. 
The pattern, Figure 45A, Is such that signals 
to the left of the bearing appear aa an increase 
in the circle and are, therefore, outward, while 
at the right of the bearing the patterns are In¬ 
ward. At the bearing position, the trace is 
evenly divided in amplitude about the circle, 
This arrangement Is unmistakable but also un- 
■yminetrical and, therefore, requires a slight 
amount of Interpretation. 
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A aecond method is to connect the d-c voltage line at the bearing 1# obtained as shown in 
across the rotatable resistor and in aeriea with Figure 45B. 

the output rectifier from the receiver without Another arrangement is to drive the circular 
going through the L-R meter switch. In thta trace inward rather than outward. This forms 



»<r 

A 8 


Fionas 46. A ihowx pattern -Mured by auperimpoalng on circular trace differential voltage developed aeroi* 
the L-R indicator meter. B ahowa d-c voltage connected acmes rotatable real-dor and in serla* with rectifier 
output from receiver without going thrnugh L-R meter switch. 


case the circular trace ia maintained and a pat- a more suitable pattern, since the bearing Is 
tern which incre' sea the circular trace on or to Indicated by an arrow formed by the parts of 
cither side of the null and drops to a balanced the face of the tube which were not illuminated 



A 0 

Ftfltmc 4fl. A ahowr circular trace driven inward rather than autwsrd B ahowa lobo-awitched output eon- 
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by the trace. Figure 46A shown thin pattern. 

A fourth arrangement is to connect the lobe- 
swltched output in such a manner as to produce 
the trace of both antenna lobe*. In this cane 
the intersection of the lobes indicatea the bear¬ 
ing an Illustrated in Figure 46B 

Other arrangement* were employed connect¬ 
ing the antenna array a* a differentinl array 
forming, III effect, an Adcock antenna and 
tracing the pattern and null directly on the 
tube. (See Figure 47A„> A reversed connection 
of this arrangement, shown in Figure 47B. 



A 


FlUI'lE 47. A show* effect of antenna connected aa i 
of reversing connections from thoac producing A. 


It appears that the maximum utility of the 
CR tube indicator ia to locate roughly the 
source of the signal with an accuracy of *2°. 
A hearing may be read more accurately if ob¬ 
tained by the automatic control once the 
quadrant has been located. The bearing scale 
for the automatic control was read directly 
from the azimuth scale mounted on the antenna 
array, although provisions are made in the 
amplidyne system to read the indication from 
a aeparate aelsyn which is geared to the anten¬ 
na shaft. 



1*0* 


B 

tial airay forming Adcock nntenna. B shown effort 


produces a trace which drawa a line outward 
to the edge of the CR tube at the bearing indi¬ 
cation point. The antenna arrangementa for 
the two latter patterns do not require the lobe- 
switching mechanism and are. therefore, some¬ 
what simpler. However, this arrangement can¬ 
not readily be employed as an automatic direc¬ 
tion finder or be electrically connected to the 
servo system so teat the bearing is obtained 
automatically. 


Many other presentation arrangements are 
possible living the CR tube. The methods of in¬ 
dication presentation suggeated above, with the 
exception of the syatem which presents the 
direct or reversed patterns of the Adcock ar¬ 
rangement, are baaed on the lobe switching of 
the antennas. It should be noted that all of the 
above illustrations show the bearing at 0' azi¬ 
muth. The patterns In each case rotate with 
bearing. 
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N umerous projects under Division 13 were 
concerned with the fitet that direction 
finder* of v»riou* type* do not (rive consistent 
or accurate bearing lu aplte of tht fact that 
they can be erected with great care and made 
up of precision apparatus. Some of these 
errors were found to be due to the fact that 
elevated structures do not have all parts equi¬ 
distant from the reflecting or semi-conducting 
ground; that waves arriving from the iono¬ 
sphere are polarised in heterogeneous ways; 
that waves tra'v eg regions near the mag¬ 
netic poles do i d’.vays follow the great- 
circle route; a .J re are stlii other reasons 
why d-f resit' not have the accuracy de¬ 
sired. The bai i> nd for these troubles will 
be found discus* 4 Chapters 1 and 2, and, in 
fact, throughout the summaries of d-f project* 
reported in this volume. 

n PimiBCT C-17" 

This waa the -f a continuing series of 
projects for at d, .ertaln errors of shielded- 
U Adcock direction finders. 

Under Project C-17‘ will be found a general 
review of the directive properties of radio 
waves and wave collectors, giving reasons why 
sin-nlc loop snd dipole antenna d-f systems sre 
not accurate under normal conditions of h-f 
wave propagation. The fact is that spaced-an- 
tenns systems to eliminate the faults of the 
simple loop or dipoie are in theory highly ac¬ 
curate but in practice are not to. The Impor¬ 
tance of taking rapid bearings, of making ali 
antennas of a given spaced-antenna d-f syatem 
identical, and of limiting unwanted pickup 
from extraneous conductors is discussed in this 
review which also evaluates various known 
wav*. oliecting systems. 

This review found the ahieided-U Adcock 
especially promising. Since the nature and 

* Contract No. NDCre-H#, Radio Corporation of 
America. 


extent of the ahieirf required to produce suf¬ 
ficiently accurate bearings on sky waves had 
never been fully st’utied, Project C-17 was aet 
up to study the design and properties of this 
particular type of antenna syatem. Attention 
was directed particularly toward portable 
equipment. 

A preciae, demountable, shielded-U Adcock 
antenna waa built on top of a station wagon, 
for portability, and a receiver with calibrated 
attenuator waa installed in the station wagon 
to measure antenna responses under various 
conditions of wave incidence. Conductora were 
provided for building up elevated artificial 
ground planes of varying extent and complete¬ 
ness. A local source of teat signals of definite 
polarisation was provided, together with a bal¬ 
loon snd rigging to elevate this source for pro¬ 
duction of sky-wave signals. A transit waa 
used for observing polarization and direction 
of arrival of the test signals. 

Measurements were made with this ayatem 
over the range 7 to 18 me with antennas con¬ 
nected to the input transformer of the receixer 
directly or through cathode followers, the two 
methods giving about the same errors. The 
quantities measured were mostiy maximum/ 
minim m ratios for directive patterns and 
minima positions for ground waves, and the 
ratio of maximum responses to vertically and 
horizontally polarized ground and sky wave*. 

Trouble was experienced from the beginning 
with the inadequacy of the artificial ground 
systems tried as a part of the shielding of the 
Adcock U—trouble which has been observed in 
aii other d-f projects summarized in this vol¬ 
ume. Radial-wire counterpoises were found to 
be wholly inadequate, radial piua ring-wire 
counterpoises gave good results on ground 
waves but had excessive errors on unfavorably 
polarized sky waves. Netting with radial wire 
extensions, shown undergoing tests in Figure 1, 
worked fairly well with ground waves and 
showed oniy moderately excessive errors with 
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sky waves. The netting, however, was not con¬ 
veniently portable. 

The general concluiion was that a carefully 
made portable shielded'l' Adcock using i de¬ 
mountable elevated counterpoise can be highly 
accurate for horizontally arriving signals, but 
cannot be made outstandingly free of polariia- 


ter of a 65-ft diameter spider web arrange¬ 
ment with 24 radial and 8 ring wires, with the 
8-ft copper disk in the center, 

Considerable work was curried out with 
balloon a, with attendant difficultiea which 
limited the amount of downcoming-wave data 
obtained. 



tion errors on downcoming signals without un¬ 
due sacrifice of portability. Standard-wave 
errors of the order of 10° at best were attained. 

*- M Apparatus Employed 

A continuous copper disk 8 ft In diameter 
was mounted on top of the station wagon and 
determined the size of the antenna syatem. 
Thus the antenna spacing was arbitrarily set 
at two-thirds of the disk diameter or about 5Vi 
ft. 'ihla spacing was a 6 at 30 me and was 
A 36 at 5 me. This small spacing made the 
system rather insensitive, a 1 change In azi¬ 
muth of an arriving signal producing u phaae 
change of antenna voltage of only 10 minutes 
of arc at 5 me. The height of the antennas was 
12 Vi ft. which was %a at SO me. 

Many typea of counterpoise systems were in' 
vestigated and the one with the greatest density 
of conductors wu best, but a larger one with 
fewer conductors was more practical and fall- 
ly good. This was made up of 48 radial wires 
each 100 ft long attached to the outer perime- 


ln constructing the test oscillator to be used 
In the work with the shielded-U Adcock, care 
waa taken to see that the purity of polarization 
was high. This was secured by making the 
test oscillator long and narrow to minimize the 
possibility of r-f current flow in any direction 
other than that of the antenna rods atiuched to 
its ends. Electrical symmetry was provided by 
connecting the case of the miniature battery- 
powered transmitter to the center of the coil 
feeding the two rods of the symmetrical dipole 
antenna. 


».i PROJECT C-M* 

In earlier work, test* had been made of a 
counterpoise made up of radial wires and ring 
wires connected at the points where rings 
crossed radials. Further teats were made under 
C-38" with a counterpoise of ring wires only. 
Results were, a* expected, decidedly worse than 
with counterpoise arrangements tried esrlicr. 

"Contract No. OEMar-SU, Radio Corporation of 
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The purity of polarization of the te»t trana- 
mitter developed under Project C-17 wii ex¬ 
amined and it was found that the ratio of 
vertical receiving antenna output with trans¬ 
mitter antenna horizontal and then vertical 
was over 600. 

Some unsuccessful trials were made of a 
large kite to supplement the balloon as support 
for a source of high-angle downcoming waves. 
The balloon rigging was revised to give im¬ 
proved operation over a wider range of 
conditions. 


Tesla at Holmdel 

Arrangements were made to take the balloon 
rigging, test transmitter and other auxiliary 
apparatus to Holmdel, New Jersey, where the 
Bell Laboratories were developing uncer 
Project C-18 (summarized in Chapter 1 of this 
volume) a »hlelded-U Adcock for flxed-stition 
service. Here polarisation error measurements 
were made with steeply downcoming waves. 
Some description of the Holmdel equipment will 
be found in Chapter 1. The test transmitter 
was hoisted to the top of a 50-ft tower at 
Holmdel and hung approximately In line with 
the eait-west Adcock pair described in the C-i6 
summary. Measurement! were taken at six 
frequencies from 3.46 to 17.30 me, with the 
test transmitter hung from the tower at 1.6° 
intervals from an elevation of 1.6° to 13.76° 
and when suspended by the balloon to eleva¬ 
tions corresponding to 60° or 60°. 

At each frequency and elevation, output of 
both Adcock antenna pairs waa recorded both 
with the transmitter dipole vertical and with 
It horizontal. Unexplained minima of un¬ 
wanted pickup for a transmitter elevation of 
about 6" were observed at all frequencies and 
were very pronounced at the higher ones; no 
corresponding horizontal Held minima were 
observable. 

Vertical to horizontal fleld-strength ratios at 
the center of the Adcock system, both for the 
Project C-17 tests and thoss at Holmdel, were 
computed using a number of terms of the 
series-expansion solution of Maxwell's equa¬ 
tions given by Burrows.* The results Indicated 
a tremendous enhancement of vertical field 


under the short-range transmission conditions 
used In the tests. Therefore, standard-wave 
errors for distant signals as determined from 
the above computed teat-signal fields were 
much greater than such errors as commonly 
determined directly from measured ratios of 
wanted output for vertically polarized signal 
to unwanted output for horizontally polarized 
signal. 

The directly mea: ured results Indicated that 
the Holmdel (C-16) Adcock waa markedly less 
subject to polarization errors than the elevated- 
countorpoiae Adcock of Project C-17, and waa 
of the general quality (2° to 10° apparent 
standaed-wave error In the range 17.5 to 
3.5 me) which other recent work had shown to 
be typical of good direction finders. Similar 
results for the C-17 Adcock with the better 
counterpoise- ran from 7° to 16° in the fre¬ 
quency range 7.6 to 17.6 me. 

Extreme enhancement of local vertical fields 
Is a matter of such tremendous Importance to 
d-f testing, since It would completely invalidate 
almost all previous work, that it was studied 
further as reported under Project C-57, Ap¬ 
proximate but seemingly sound application of 
general field theory to result* of the Holmdel 
tests indicated improbably large stand*rd-wav- 
errors on distant signala. 

Conclusions 

The final report* on Project C-38 includes 
further general discussion of d-f design princi¬ 
ple* and testing methods, which leads to a 
number of conclusions. 

Optimistic bollefs resulting from jarlier 
work on the freedom of Adcock systems from 
polarization errors were not borne out by this 
or other recent work. In agreement with re¬ 
cent results of others on H Adcocks, it was 
concluded tbat ahielded-U Adcocka are subject 
to a first-order error source of nature still un¬ 
known. In particular, the elevated counterpoise 
shielded-U system of Project C-17 did not com¬ 
pare as unfavorably with other systems as 
was at first supposed, to conclusions from its 
study are given in the form of concrete pro¬ 
posal* for counterpoise design. 

Since no direction finder can work well with 
all types of waves received, a ’’directive dl- 
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versity" system was pronosed in which some 
one of s (rroup of twn n r three spsced-antenns 
direction finders, at the same location but each 
using a different type of antenna, will respond 
accurately to any coherent signal received. Use 
of device* to warn against vertically down¬ 
coming signals was suggested. 

Knowledge of the means whereby polariza¬ 
tion errors arise was not sufficient at the time 
the work was done to permit either sound de¬ 
sign of direction finders or safe extrapolation 
from errors measured under uaual teat condi- 
tiona to determine performance under widely 
different operating conditiona Inevitable prev 
ence of the ground improves performance of 
wave collectors at certain height* and Injures 
their performance at other helghta; whether 
good or bad, the effect ia stronger the more 
conducting the ground, in general it was con¬ 
cluded that improvement of the direction finder 
itself waa more to be dealred than an equal 
improvement by chooalng a alte on better 
ground. 

*' PROJECT C-57* 

The great importance of having a truly re¬ 
liable method of determining polarization er¬ 
rors, because of their probably larger magni¬ 
tude in practical equipment, made it desirable 
to continue the work undertaken in the previous 
projects and to examine the experimental 
method* and the theoretical calculations of 
wave-field components used In testing under 
those projects. 

The startling nature of the theoretical resuit* 
obtained under Project C-38,* which appeared 
to Invalidate practically all prior d-f measure¬ 
ments, Indicated the desirability of a more 
thorough study. Thorough examination of the 
exact series-expansion aolutlon of Maxwell’s 
equations given by Burrows,* from which the 
approximations used in Project C-38 were ob¬ 
tained, showed it to be unsuitable for computa¬ 
tion under ju*t the conditions for which ex¬ 
treme enhancement of local vertical fields had 
been computed and reported under that project.* 
A new approximate solution of Maxwell’s 

■Contract No. OEM»r-8J8. Radio Corporation of 
Amorka. 


equations, suitable for computing under the 
conditions of direction-finder testing, was de¬ 
veloped from the exact solution in Integral 
form given by van der Pol." Comparisons with 
unpublished work of K. A. Norton showed this 
solution to be fundamentally the same as the 
one recently reported by him. Both solution* 
are valid under the short-range, hlgh-angle 
conditions of d-f testing and both assume high 
ground conductivity. The new solution, in the 
relatively simple form given it by Norton, was 
used to re-evaluate the Hoimdel result:* of 
Project C-38 and to analyze new experimental 
reault* obtained under Project C-57. In each 
case, the vertical electric field component pro¬ 
duced near a horizontal rod antenna by curva¬ 
ture of the wave fronts was computed, as well 
as the horizontal electric fieid of the horizontal 
rod antenna and the vertical electric fieid of a 
vertical rod antenna. 

Application of these result* to the Hoimdel 
data of Project C-38 showed clearly that no re¬ 
liable measurement of polarization error of the 
Hoimdel Adcock had been obtained. Spurious 
vertically polarized signal due to wave-front 
curvature near the horizontal teat source had 
obscured the unwanted horiaontal field pickup 
of the Adcock. This field curvature waa evi¬ 
dently also the cause of the apparent minimum 
of error found at Hoimdel for waves arriving 
at 6 a elevation. A few of the balloon observa¬ 
tion* appeared to exhibit real polarization 
errors and permitted a rough estimate of 
standard-wave error an varying from 9 to 0l/ 2 ° 
between 6 and 9 me. Pickup ratio, where de¬ 
termined, la apparently very low; good operat¬ 
ing accuracy result* from placing the aystem 
right on the surface of good ground. Some 
data taken by Bell Telephone Laboratories at 
Holmdei with both rod- and loop-antenna 
•ources of teat signal showed the same curva¬ 
ture effects. Up to the time thl* work waa con¬ 
cluded, no measurements made on the Hoimdel 
Adcock had been good enough to give an ac¬ 
curate determination of ita polarization errors. 

Because a horizontal loop transmitter doea 
not produce spurious vertical electric flelda due 
to wave-front curvature, further teats were 
made on the C-17 elevated-counterpoise Adcock 
to compare such a source with the hurlzontsl 
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rod or electric dipole radiator previously used. 
The rod-shaped test oscillator built for Project 
C-17 was modified to work with either rod or 
loop antenna and comparable testa were made 
with both aouree types. 

No difference was found between measure¬ 
ments made on the elevated-counterpoise Ad¬ 
cock with rod and loop transmitters. The field 
computations Indicated that real polaricatlon 
errors were measured and were so great as to 
obscure the considerable field curvature effects. 
Pickup ratios wers very low, especially for 
signals arriving at high elevation angles. They 
were of the same order is those estimated for 
the essentially similar Holmdel system, hut the 
aid given to overall accuracy by good ground 
at Holmdel was lacking for the elevated- 
counterpoise system as measured at Princeton. 
Standard-wave error at 7 me and over rather 
poor ground was found to be 82°. 

Special tests of the loop transmitter showed 
that field-curvature effects were not eliminated 
but were reduced at least five-fold by its use. 
The rod transmitter is Inadequate for measur¬ 
ing standard wave errors below 20°, except for 
high elevation angles, while the special loop 
transmitter used in this project should measure 
reliably errors as small as 4°. 

Introduction of damping resistors into the 
elevated-counterpoise structure failed to re¬ 
duce errors but did show how size relations 
between conductors acted to equalize errors 
over a wide frequency band. No evidence could 
be found that voltages Induced in the counter¬ 
poise by horizontally polarized signals were fed 
Into the sntennas by cspacitance, but It 
was noted that a single vertical antenna 
mounted eccentrically above the counterpoise 
was markedly more responsive to horizontally 
polarized aignals than was a centrally located 
vertical antenna. 

Ordinary testing equipment and methods are 
dearly inadequate for the study of polarization 
errors of really good direction finders. At the 
cioee of this work, it appeared that no fully 
adequate test had yet been made of the down- 
coming wave performance of any very good 
direction finder. Vertical field enhancement 
near a local transmitUer is not as extreme at 
the result of Project C-S8 had Indicated and 


la unimportant at high angles. It is quite Im¬ 
portant at the low elevations and short ranges 
used in much d-f testing. 

»•« PROJECT r.-7«' 

Project C-78" was concerned with the 
measurement of errors of radio oirection 
finders and served to correlate and evaluate 
knowledge of measuring techniques gained in 
the work of Projecte C-17, C-38, and C-57, The 
whole problem of such measurements was aur- 
veyed Including the question of what to 
measure, how to measure It, of the range of 
meaeurement necessary or desirable, and of 
the characteriatlca required In the measuring 
equipment. Because of the great importance 
of the technical capabilities of radio direction 
finders to their user, methods of performance 
testing require careful specification, Overall 
tests designed to simulste actual operating con¬ 
ditions and to yield direct Information as to 
accuracy of bearings are highly desirable. 

Noise level and accuracy of equipment 
auxiliary to the d-f antenna system, like ac¬ 
curacy of reading at various steady signal 
levels, can and should be separately determined 
by normrl laboratory methods. Conditions for 
determining reading errors on actual fluctuat¬ 
ing signals cannot readily be specified. Errors 
due to good signals arriving by laterally' dis¬ 
torted paths are not errors of the direction 
finder itself, while signals arriving from eleva' 
tions above about <50° should not be used for 
direction finding. Testing methods must avoid 
conditions which cannot be specified dearly or 
should properly be excluded from measurement. 

Errors due to interference among signal 
components arriving over multiple paths are of 
great Importance, as are errors caused by elec¬ 
trical Inhomogeneities In the Immediate aur- 
roundings of a dire finder. Conditions 
for measurement of t) rrora could not yet 
be specified at the coi union of this project. 
Test methods should avoid producing 3uch 
errors, yet be adaptable to their controlled 
production when the art permits specification 
of appropriate tests conditions. 

Failure of actual d-f wave collectors to re- 

* Contract No. OEMir-*8R, Radio Cornorut'oi* of 
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semble exactly their Ideal prototype*, even 
when well looted and 1 eceiving a steady vngle- 
component signal, w«e an important source of 
error at the time this work was done. Condi¬ 
tions for measurement of such errors could 
already be specified and they could and should 
have been mweured reliably, but this had 
practically never been done. Tbeae errors »re 
of two types often called ''calibration" and 
"polarization' 1 errors (night effects), and it 
was to their measurement that Project C-78 
was directed. 

' Actual distant signals have very complex 
properties which are usually Incompletely 
known and are therefore poorly suited for per¬ 
formance testing, though limited data can be 
obtained atatiitically from large numbers of 
distant-signal observations. Reliable and com¬ 
plete testing requires a fully controllable local 
source of test signals, arrenged to simulate the 
properties of certain typical distant signals. A 
few actual distant-aignal observations are de¬ 
sirable to check the validity of the local-iource 
test method. 

Measurements mads with local sources under 
simplified limiting conditions may not alwava 
be reliable guides to performance under all 
operating condition*,. Even when special 
detailed knowledge of a particular direction 
tinder permits generel conclusions to be drawn 
from simplified measurements, the rigorous 
theoretical work required may be less con¬ 
venient than more complete direct measure¬ 
ments. The pronounced effect of the Inevitable 
presence of the earth near every direction 
finder cannot always be treated as separate 
from its Intrinsic performance; In some cases 
only overall performance of ground and direc¬ 
tion finder together is significant. 

Carefully interpreted measurement* from a 
lower limiting frequency between 6 and 10 me 
to an upper limit between 18 and 80 me can 
Indicate performance of similar direction 
finders over the entire h-f band from 1.5 to 
30 me. Model measurements at very high fre¬ 
quencies avoid some difficulties of full-scale 
testing but require development of suitable 
models and may be misleading because the 
model does not accurately simulate obscure 
imperfections important In the original. 

Variation of error with signal-arrival azi¬ 


muth on favorably polarized signals and varia¬ 
tion of error with signal-arrival elevation on 
unfavorably polarized signals must both be 
determined at several frequencies. The results 
can only be fully shown as graphs, but effort 
should continue to express a maximum of in¬ 
formation by a few figures of merit. Such mea¬ 
surement* should be carried out over very uni¬ 
form highly conducting ground to determine 
ultimate performance capability and over uni¬ 
form poorly conducting ground as well to 
determine possible impairment of performance. 

The primary Instrument used in d-f testing 
Is a signal field and test method* must be 
planned on the basis of accurate knowledge of 
ita characteristics. Approximate expressions 
defining this field, as developed by Norton, 
show Its properties to be quite complex, es¬ 
pecially near the signal source. This complexity 
Is caused mainly by the presence of the earth's 
surface 

Signals from a local source differ from those 
from a distant sourer in two ways. The local 
signal shows different rates of attenuation with 
distance for components plane-polarlted re¬ 
spectively parallel and perpendicular to the 
vertical plane of wave travel, while the dlatant 
signal shows no «uch difference. The local 
signal, spreading from a small source, has 
curved wave fronts which cause somewhat 
different fields to appear at laterally separated 
part* of the direction finder, while the distant 
signal ha* plane-wave fronts. Each of these 
differences can seriously confuse d-f error 
meas. rements. Both can be avoided only if all 
measurements are made at tranamltter-recclvcr 
distances of at least several tens of wavelengths. 

The main method of measurement used in 
recent work involves two observations of the 
output of the d-f wave-collector system under 
teat, one In a field of the polarization to which 
the collector elements were designed to respond 
and the other In a field to which no response was 
Intended. The ratio of these outputs, for equal¬ 
ly strong Incoming signals, gives the maximum 
polarization error to be expected. Separate 
observation with signal* of limiting polariza¬ 
tion avoids phseing difficulties of earlier work 
where both signals were present at once, but 
requires test signal sources of extreme polari¬ 
zation tiurily. 
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Project* C-17, C-38, C-B7, and C-78 used a 
signal source designed to achieve pure polari¬ 
sation by being entirely seif-contained and con¬ 
forming in outline to the intended antenna, a 
short rod (electric dipoie) or amail ioop (mag¬ 
netic dipole). The frequency wae stabilised by 
crystal control of a master oscillator driving a 
balanced power amplifier coupied to the highly 
reactive antenna by an autotransformer. Thia 
source was light in weight for convenience in 
elevated operation and Its power output was 
maximized by use of efficient miniature power 
tubes and miniature batteries under very heavy 
load. Figure 2 shows a close-up of the interior 


formance. Unwanted emission, while not defi¬ 
nitely determinate by this method, seemed to 
be at least one per cent of wanted emission in 
field strength. This purity is adequate for tests 
in which a direetion- lnder null may be used to 
discriminate against unwanted emission but 
quite inadequate for more exacting teats. An 
appreciable electric-dipoie moment was exhibi¬ 
ted by the magnetic-dipole source, probably be¬ 
cause of the breaka in the loop required to con¬ 
nect the generator. Elimination of unwanted 
electric field components due to wave-front 
curvature, attractive in principle, was thus 
found very difficult in practice. 



of the 4-in. by 2-ft cylindrical test source, with 
inserts showing its Incorporation Into rod and 
loop radiators. 

The usual method of determining purity of 
transmitter poisrizatlon, by observing the out¬ 
put of a receiving antenna of supposedly pure 
polarization with the transmitter in various 
orientations, was shown by a complete analysis 
to be generally incapable of giving the desired 
result. Tests of this type, uaing an accurately 
vertical rod receiving antenna centered over an 
accurately horizontal circular elevated counter¬ 
poise, were made on signals from the above 
aource and indicated rather disappointing per- 


The output-ratio method of d-f testing is in¬ 
direct and slow, beside requiring inconvenient 
manipulation and sometimes needing an un- 
attainabiy pure source. Some other means of 
avoiding error reduction by chance favorable 
phasing of various field components would 
avoid these difficulties. An improved method of 
d-f error measurement based on a novei test 
signai source was proposed In the flnai report 
on Project C-78." The proposed signal source 
would use an antenna unit consisting of two 
distinct radiators of different polarization, 
preferably a vertical rod and horizontal loop. 
These would both be fed from a common r-f 
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gsnerator, with constant relative amplitude 
and continuously varying relative phase. Po¬ 
lar] ration error would be obaervcd as a swing¬ 
ing bearing and measured by amplitude of 
swing. Error measurement would thus be 
direct, rapid, and experimentally convenient, 
and no critical control of orientation of highly 
elevated equipment would be necessary. Slight 
polarization Impurity would cause only amali 
inaccuracy of error determination, Instead of 
seriously obscuring the significance of the re¬ 
sults; careful design of the test source would 
nevertheless be required to maintain fairly 
good purity. 

At the large distances so necessary to insure 
freedom from confuting locai-fleid elTects, full 
freedom of control of position of the teat 
aource Is only possible by supporting the 
source from an aircraft. Airplanes are not 
convenient for such work but a nonmetaliic 
dirigible airship would be very valuable. Cap¬ 
tive bail none are inferior to dirigibles but per* 
haps more practical; they ahould be of good 
aerodynamic form, be lightly loaded and carry a 
source which does not require adjustment of 
orientation li. (light. A captive balloon has 
been found quite uaeful even though ali three 
of theae conditions for satisfactory operation 
were violated. Tall towera or poles provide 
very convenient support but their range of 
usefulness la necessarily limited. 

Sites for testing d-f performance must be 
much more critically chosen than even d-f 
operating sites. They must be clear, flat, and 
electrically homogeneoua over a radius of sev¬ 
eral tens of wavelengths at the lowest fre¬ 
quency to be used and to sufficient depth to 
attenuate the transmitted wave by ten times. 
Wastelands are fortunately very suitable, salt 
marshes as sites of high conductivity and 
deserts as sites of low conductivity. 

By use of a source of the type proposed sup¬ 
ported from an aircraft over well chosen sites 
and working at adequate distances, d-f per¬ 
formance should be assessable with an ease, 
completeness, and reliability not approached in 
any tests hitherto made. Teste by these meth¬ 
ods can be extended to Include effects of multi- 
path wave interference and of inhomogeneous 
sites if the art advances sufficiently to permit 
appropriate test conditions to be specified. 


•* PROJECT C-58* 

1 Causes of “Swinging” Bruringi 

The original development of the Adcock an¬ 
tenna ay stem was for the purposi of rendering 
an associated direction finder Insensitive to 
that component of a radio wave whose electric 
field is polarized perpendicular to the plane of 
incidence (horizontally polarized). Theoretical 
computations, as well as tests with a controlled 
local target transmitter, indicated that the 
Adcock antennas developed under Project 
C-34’* w«r» capable of discriminating to s very 
high degree between the deaired vertically po¬ 
larized and undesired horizontally polarized 
wavea of a radio algnai. Nevertheless, tests on 
sky-wsve transmissions revealed swinging 
bearings on the cathode-ray indicator of the 
direction finder, typical of so-called polarization 
error. Both the magnitude of the bearing 
oscillation and the percentage of time that the 
cathode-ray Indication departed from the cor¬ 
rect azimuth made it appear likely either that 
theoretical computations of wave discrimina¬ 
tion for theae antennas were grossly In error, 
or that the downcoming aky waves were not 
polarized at random according to the generally 
accepted hypothesis of Ionosphere reflections, 
If It were assumed that the swinging of the 
bearing was due to polarization error. 

Because the values of polarization discrimi¬ 
nation by Adcock antennas were more or less 
substantiated by tests with local target trans¬ 
mitters, while the distribution of polarization 
of downcoming sky waxes remained unproven 
by any physical testa whose reaults could be 
directly associated with the apparent polariza¬ 
tion of Adcock direction finders, the desirabil¬ 
ity of teats on the polarization of downcomfng 
sky waves was clearly indicated. A part of 
Project C-58' concerns the atudy ot polarization 
of radio waves between 6 and 20 me. 

In agreement with this contract, there was 
built and Installed at Great River, New York, 
an equipment since called the polariscope, a 
description of which follows Thia equipment 
permits the ratio between the vertical electric 

' Contr * ct No OEM.r-746, Feder.l Telephone end 
Radio Corporation, 
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and horizontal electric components of i radio 
wave to be seen at a certain point wnile radio 
bearings are observed on a cathode-ray Indi¬ 
cator also to be described below. 

The Bureau of Standard!, aware of these 
facts, asked the contractor to observe bearings 
and polarisations of the Bureau's station 
WWV, Beltsville, Maryland, transmitting suc¬ 
cessively with two different types of antennas, 


equipment is given in Figure 3. The Type A 
indicator it identical with the d-f indicator 
ueed In SCR-502. Figure 4 it a photograph 
of the antennas used with the polarlacope, and 
these antennas consist of two crossed dipoles 
12 ft In length mounted on a revolving boom 
20 ft long. This entire boom with its central 
column can be revolved from within the con¬ 
trol room so that it may face the direction from 



radiating at certain times vertical and at other 
times horizontal polarisation. This transmit¬ 
ter is sufficiently distant from Great River that 
no ground wave Is pnisent. 

Description of Polsriseope 
The circuits and antenna design of the direc¬ 
tion finder are approximately the same as 
described in Chapter 9 dealing with the SCR- 
502 (Project C-34).‘" 

A block diagram of the polarlacope and d-f 


which the signal arrives. This assembly is 
mounted on a small wooden tower with its 
central axia about 20 ft above the surface of 
the earth. 

Each antenna, both horizontal and vertical, 
has its own balanced cathode-follower coupling 
unit, which In turn feeds into a balanced dual 
coaxial cable leading into the central control 
room about 50 ft away. The vertical antenna 
is connected to the vertical stator of the goni¬ 
ometer, and the horizontal antenna to the hori¬ 
zontal stator of the goniometer. In thia manner. 
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the pattern developed on the face of the indi¬ 
cator unit indicate* ths amplitude and phaae 
relationship between the vertical and hori¬ 
zontal component* of the eicctrlc field of the 
received wave. 

In addition to the viaual indication on the 
cathode-ray oacilioacopo Indicator, automatic 
recording* of the amplitude! of the two com¬ 
ponent* of the wave ere made hy two Eatcr- 
line-Angus recorders, with a peper speed of 5 
in. por minute, set up in conjunction with two 
aeparate receiving channel* fed hy the two 
dlpoiea of the poiariacope. 

The program for the reception of WWV was 
to observe the bearings and ths polarization 
for 6 minutes, then to align the two receiv¬ 
ers alike and record the intensive* of the two 
component* for 6 minutes After this the 
bearings and polarization were viaually ob¬ 
served for 5 minutes again. Ths whole 
procedure was repeated every 15 minute* for 
each type of transmission. The last half o! 
each hour was used for a atandhy period, 
during which time the two receiver* were re¬ 
calibrated for identical sensitivities with the 
next frequency to be tested. 

Analysis or WWV Observation* 

Three days' operation of thla equipment re¬ 
sulted In Indication* and records of bearing 
error* with wavs polarization, ths analysis of 
which Is as follows: 

1. The horizontal vector of downcoming 

waves from both the vertically polemized trans¬ 
mitter and the horizontally J transmit¬ 

ter waa found to have ranu^m polarization. 
Thla was in accord with the gensrmlly accepted 
theories on polarization of aky waves at these 
frequencies. 

2. During porioda when the sky-wave po¬ 
larization was horizontal or a very few degree* 
from horizontal, bearing Indication waa in 
error or indeterminate. Thla waa the expected 
polarization error. 

8. Frequently, even when the aky wave waa 
vertically or nearly vertically polarized, there 
were wild oscillations of the bearing indicator 
and deterioration of the null. 

The above results indicated that the oscilla¬ 
tions of the d-f bearing were not due solely to 
polariastion -ror as had been assumed. The 


oscillation of the bearing during periods wben 
the wave waa approximately vertically polari¬ 
zed must be due to seme other phenomenon. 
The following hypothesis and test* were an 
outgrowth of the analysis of the above poiar- 
imetsr investigations. 

Woes Intsrference Error*. The hypothesis 
which assumed swinging bearings to be due 
to strong horizontally polarized component* in 
the downcoming aky wave, in generai aiao 
assumed that the wave wae reflected from a 
aingi point In the ionosphere. Were this the 
case, then swinging bearings would fessihiy 
be due only to horizontal polsrized sky waves. 

But consider the result of combined wave* 
from two or more points In the Ionosphere. If 
theae reflection points differ even hy a degree or 
lost, the combined eiectric vector at the d-f an¬ 
tenna will be a function of the instantaneous 
phase difference between the aeveral com¬ 
bined wave*. 

An analysis of more than two raya become* 
extremely involved, therefore the combination 
of only two wave* will be discussed here. The 
result of the combination of several rays 
which, in practice, frequently arrive at the 
direction finder from a aingle transmitter, will 
be a atiii greater variation in the bearing 
indication*. 

Figure 5 ia the special example of two raya 
whose azimuths differ (for the sake of clarity) 
by a much larger angle than that usually ex¬ 
perienced in practice. In practice, relative 
maguitudee of the aeparate waves vary a* do 
their instantaneous phases. This ia due to the 
fact that the separate rays apparently arrive 
from regions In ths ionosphere which differ in 
height and density of ionization and where 
ionization conditions are not necessarily stable. 

A simple easmple of the mechenism whereby 
two vertically polarized waves from slightly 
different azimuths can result In a iarge d-f 
error ia as follows; 

First consider ray C in Figure 5 to arrive at 
point O with its instantaneous error vector 
directed upwards and ray D to arrive at the 
tame point with its vector similarly directed 
upwards. As iong as these vectors remain in 
such phase, a direction Under located at point 
O will provide an indication between C and D. 
(Since in practice C and D usually differ hy a 
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Now consider a later time when the rw the d-f bearing Indication wouldI be M” in 
from C while still vertically polarized, ha* error. With unequal amplitudes, the error la 
altered it* pha*e with re*r>ect to the ray from less than 90' 


? Tgr 



MSmto 



magnitudes moving 


D by 180°. Then the de«ired vertical compo¬ 
nent* tend to cancel while the component of 
the vector which bisects the angle between C 
and D tend* to be additive. In *uch a case, if 


In a typical situation, the combination of 
two ray* will occur with varying pha»e and 
relativa amplitude*, thua providing an o»cll- 
lating indication of bearing. Tha combination 
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of more than two ray* will, of course, increase 
the complexity of the results nt vector to which 
the direction tinder respond*. 

Because In the crossed Adcock direction 
finder there is in general a small azimuth error 
which varies with the vertical snide of In¬ 
cidence (the octantal error), two ray* arriving 
from the stme azimuth direction, but from 
different layer* of the ionosphere will alto re¬ 
sult in sn interference error whose 'lehavlor 
is similar to that due to two ray* arriving 
from slightly different azimuths. 

Test of Wave Interferince Error». To exam¬ 
ine the error resulting from the Interference 
of two wave* whose azimuth and relative phase 
may be controlled, the direction finder em¬ 
ployed in the previously described polarization 
test was used in the reception of signals from 
two local target transmitter*. 

These two transmitters were located about 
1,000 ft away from the Adcock antennas of the 
direction finder, and were spaced so that the 
azimuth# of arrival differed by about 2°. Ore 
of the transmitters was set on a given fre¬ 
quency (about 5 mr), while the other transmit¬ 
ter frequency was varied Ly hand to be as 
close s« possible to the frequency of the fixed 
transmitter. 

As the frequencies of the two transmitters 
fell within the l>*nd width of the direction 
finder, s confused and rapidly changing fluc¬ 
tuation was observed which In general pointed 
toward the two transmitters. 

When the two transmitter frequencies were 
brought as close together as was possible (for 
brief periods two frequencies were apparently 
within 1 or 2 cycles), the d-f Indication was 
that of a slowly oscillating bearing whose 
quality was highest when it pointed in the 
direction of the two transmitters and which 
deteriorated to almost no indication when it 
approached a bearing 90° from the line bi¬ 
secting the angle between the two transmitters. 

Jt wa* suggested that a further experiment 
to investigate precisely the errors due to any 
given phase difference and amplitude between 
the two incoming rays could be performed by 
feeding two displaced transmitting antenna* 
from a single transmitter with s phase and 
amplitude adjustment in the line to one of the 


antenna*. But, because the teat with the two 
separate transmitters satisfactorily proved 
that two vertically polarized wave* arriving 
from slightly different azimuth* can cause 
bearing oscillations resembling polarization 
errors. It was decided that, in view of the fact 
that a combination of only two rays was artifi¬ 
cial, further testa of thia type should not be 
pursued at this time. 

CONCLUSIONS 

The experience with the polariscope and the 
later tests which simulated two sky waves have 
Indicated that the d-f bearing oscillation* and 
deterioration nulls are not due entirely to po¬ 
larization error. 

In America It has been assumed that efforts 
to disseminate horizontally polarized waves 
would ultimately result in a direction finder 
whose hearings would be steady and precise 
beyond those which had been designed In the 
past. 

The facts that the prevalent multiple-ray 
transmission of radio signals gives rise to In¬ 
terference errors In Adcock direction finders 
would Indicate that too great effort in reduc¬ 
tion of polarization error are not warranted. 

At present, It appear* that the interference 
error cannot be reduced by any d-f system in 
which the antennas cover such a limited area 
as do the Adcock antennas. The Musa (mul¬ 
tiple unit steerable antenna developed by Bell 
Telephone Laboratories), does reduce Inter¬ 
ference errors. The Musa system, however, ia 
necessarily a very large Installation which can 
be used for direction finding over a very small 
azimuth only. 

•* PROJECT 13.1-84 

Under Project 18.1-84' a very great deal of 
work was done to determine the essential char¬ 
acteristics of the ground under d-f installations 
to make the apparatus as useful and as free 
from errors as possible. Part of the project 
was to develop, if possible, simple equipment 
which a relatively untrained person could take 
to a site selected for a d-f installation, perform 
a simple and not too critical experiment, and 
by means as simple as reading a meter, perhaps 
' Contract No. OEMsr tOM, Federal Telephone and 
Radio Corporation. 
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like a tube-testing meter, determine whether 
the »ite was suitable or not. All previous work 
under Division 13 projects had Indicated the 
extreme importance of locating d-f apparatus 
on sites with good ground characteristics. 

The flnai report" on Project 18.1-84 shows 
that the phenomena involved are too complex 
for a single instrument of simple type to be 
constructed for the job to be done. 

An extensive bibliography is ,n 

the final report" and this report should be 
consulted by anyone seriously engaged In site 
investigations. The bibliography has references 
to characteristics of the soli as of interest to 
a chemist, or from the standpoint of electro¬ 
chemistry or physical chemistry. The report 
itself contains much historical material deal¬ 
ing with our knowledge of the conductivity of 
the soil, its dielectric behavior, ita d-c and h-f 
resistance, and of methods explored for deter¬ 
mining these factors. 

Methods of Measurement Studied 

A comparison of resistivities as measured by 
direct currents and by alternating currents 
indicates that electrode effects cause the d-c 
resistivities measured at high radio frequencies 
before a dispersion occurs. 

Nevertheless the finai report indicates that 
d-c messurementi may be a very practical 
method for determining resistivity of soil 
samples. 

R-F MEASUREMENT* 

Considering the soil as an imperfect dielec¬ 
tric, a whoie aeries of experiments was per¬ 
formed to determine the relative qualities of 
soils as dielectrics. By the use of a Q-me’er, in 
which the toil is inserted between the plate* of 
a capacitor and the overall loss factor of toil 
pius capacitor determined, the conclusion was 
reached that Q-meter measurements were not 
practicable over a wide frequency range. The 
method ii not suitable for measuring resis¬ 
tance of sample soil* greater than 60,000 ohms, 
the reliability of the method increasing as the 
resistance decreases. 

The conclusion was reached that the Q-meter 
method could be used at spot frequencies for 
toil samples In Lucite containers. 


Since it i* well known that the inductance 
of a coil at radio frequencies depends upon the 
core material, the Q-meter can be used to mea¬ 
sure soil characteristic* by placing the sample 
Inside a coil whose inductance, without the 
soil, is known. 

It was found that measurements by this 
method did not give quantitative results but 
with csre could be made to ahow relative 
quality. The Inductance method Is more sensi¬ 
tive and more easily applied than the capaci¬ 
tance method. 

Bridge Methods 

The moat accurate way of measuring the im¬ 
pedance of a soil sample st radio frequencies 
is to use a suitable bridge circuit. This method 
requires mire skill, is more tedious, and the 
range of values measurable la leas than In some 
other method*. In addition an auxiliary 
generator and detector are required. 

Because of variation* of the weather and 
the averaging of soil constants in wave propa¬ 
gation, it sterna unnecessary to measure the 
conductivity with an accuracy greater than 60 
per cent of the mean value of several measure¬ 
ment*. Furthermore, measurement of conduc¬ 
tivity alone aeems to be all that is necessary 
to determine the characteristic* of ground 
material of a possible site for a d-f installa¬ 
tion. Thus the bridge method, whiie yielding 
a high defee of precision, Is too complex for 
the job to be done. 

Methods Using Antennas and Transmission 
Lines 

One of the most effective means of determin¬ 
ing the effect of a site upon a d-f installation 
is to set up a portable direction finder of known 
properties and to observe how its operation is 
affected by the site. 

Thus an antenna and ita characteristics are 
a function of the ground upon which it is 
erected. Ita input impedance, the ground losses, 
and directional patterns being functions of the 
ground. Properties of transmission lines which 
are most susceptible to investigation are at¬ 
tenuation constani and velocity of propagation. 
Preliminary measurementa indicated that auch 
studies could be quite effective but the decision 
wai reached that more work would be neces- 
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**ry to find out If the method* would be prac¬ 
ticable. irthermore, »uch experiment* could 
be performed only with engineering super¬ 
vision, such was the atata of the *rt of mea¬ 
suring equipment of the kind required for *n- 
tenn* or tranaml8«ion-ilre measurements. 

Similarly, measurements of field *trenfrth »t 
different frequence* were abandoned when it 
waa found that result* were lneonciualve. Re¬ 
flection coefficient* and wave tilt were atudied 
aa a function of ground con*tent*. Limited ex¬ 
perience indicate* that the method 1* applicable 
to measurement* of soli constants under con¬ 
dition* of (1) no obetruction* between trans¬ 
mitter and receiver, <2) no reradiators near 
enough to cause trouble, (8) elevation of the 
target transmitter above ground or else us* of 
rather large power input. These limitation* 
were di*couraging from the standpoint of port¬ 
ability and the necessity of determining ground 
characteristics under varied condition*. 

Audio-Frequency methods 
Mapping n aite by plotting eqoi potential 
line* between ground electrode* at audio fre¬ 
quency required les* time than mapping by 
plotting equifteld lines about a transmitting 
■ntenna at radio frequencies. The uae of audio 
frequencies and ground rod* eliminate* pro¬ 
nounced dUturbencea caused by above-ground 
reradlators obeerved in plotting equlfleld r-f 
field lines. The method employed in Project 
13.1-84 is described in the Anal report" and 
ia applicable to the picking of a aita for a d-f 
station. The method can be used, alao, for 
locating large bodies of metai under the sur¬ 
face of the ground and this Is discussed in the 
final report, together with the use of r-f 
device* *uch *t mine detectors for locating 
small metallic bodies. Circuits for such device* 
*s constructed under the project will be found 
In the Anal report. 

WENNiig-GlSH-ROONEY METHOD 

In this manner the following process is car¬ 
ried out: four copper-coated rod* Vi in. in 
diameter and 1 ft long are used as electrode*. 
They are equally spaced along a straight line 
and voltmeter readings are taken for several 


valuaa of spacing between 1 and 35 ft. A bat¬ 
tery-operated vibrator delivering approxi¬ 
mately a square-wave alternating current of 
110 volt* la connected through a miliismmeter 
to the outer electrodes and a battery-operated 
vacuum-tube voltmeter la connected between 
the Inner electrode*. The current flowing 
through the outer electrodes and the voltage 
between the inner electrodes are read for each 
of the chosen spacing*. At close spacing* the 
electrode* are driven into the ground only an 
inch or to, at arrester spacing* the electrode* go 
Into the ground to depth* of up to 1 ft. 

In thi* manner a plot of an are* showing 
effective resistance at a function of depth c»n 
be obtained. The method is e**y to apply, is 
sufficiently accurate in indicating the resistiv¬ 
ity of the top surface of the ground and I* the 
beat method of obtaining in a qualitative man¬ 
ner the resistance as a function of depth. 

The final report end* with some data on the 
ground requirement* for direction finding in 
various frequency bands, indieating in a par¬ 
ticular ease that 60 ton* of coal dust *creen- 
ings, either soft or hard coal, should be put 
down to a depth of 1 in. under inatalied ground 
mat* and to a radiu* of 10 ft beyond the guy 
wire anchor*. The ground mate and the coal 
dust layer are covered to a thickness of 3 in. 
and thi* Is tamped down tightly. 

Treatment of thi* sort produced a ground 
which contributed little trouble to the d-f sta¬ 
tion involved. 

■ » PROJECT C-19 1 ’ 

The loop direction flnder has been found 
lacking as a dependabie instrument for naviga¬ 
tional and other purpose* because of inac¬ 
curacies under certain operating condition*. It 
ia often imposaible to get a bearing at al! or the 
azimuth of the observed bearing may be greatly 
in error or may vary from moment to moment. 
These error* have been under continual *tudy 
since the loop direction finder came under prac¬ 
tical use during World War 1 and the basic 
cause* for the different types of errors are now 
weii understood. Most of the errors have 
proven capable of elimination, but a notable 
exception has been polarization error which in¬ 
cludes the ao-caiied night effect and airplane 
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effect. Project C-19* w»« to study a particular 
and new means for attackim thin type of error. 
Project 13-122“ studied thi* compensation 
meana critically and reported on difficulties 
with it. 

, ■ T • , Normal Loop Operation 

The ideal case for loop operation Is a verti¬ 
cally pc lari red wave (in which the electric 
vector la always in the vertical plane through 
the direction of travel) proceeding along the 
surface of the earth and following s great-circle 
path between the transmitter and the receiver. 
In this situation the loop has the well-known 
“figure eight” directional response, a mini¬ 
mum or null being obtained when the plane of 
the loop Is at right angles to the direction of 
arrival of the aignal. 

Under these conditions and if the loop sys¬ 
tem itself has no “instrumental” errors, the 
bearing of ihe distant station can be ascer¬ 
tained with considerable accuracy. 

,u Wave Errors 

If, however, there are abnormalities in the 
wave Itself, a loop which will operate perfectly 
oa normal waves will show errors In bearing, 
hazy bearings or no bearing at all. 

The several wave errors are as follows: 

1. Coastal refraction is the phenomenon re¬ 
sulting when the received signal travels 
obliquely across a boundary between two soil 
types, notably ocean-to-shore transition at a d-f 
site located some distance from the coast line. 
The wave Is actually refracted and appears to 
come from an Incorrect direction. 

2. Lateral deviation Is a phenomenon in 
which the wave does not travel a great-circle 
course hut deviates as much as 10° from this 
course. 

3. Scattered signals Is another form of wave 
error In which the signals seem to arrive from 
severe! directions, apparently from scatter 
sources In tha ionosphere or on the earth's 
surface which appear to reradiate some of the 
original energy. 

«Contract No. NDCrc-15#, Stanford University. 


* ,TJ Polarisation Errors 

Far more common than the anomalies of 
scattered signals and lateral deviation are the 
errors due to irregular polarisation of the re¬ 
ceived wave. The symptoms are of aeveral types 
as follows: (1) Bearing sharply defined and 
stable but apparent azimuth incorrect; (2) 
bearing sharply defined but shifting In direc¬ 
tion over a period of time, often quite rapidly; 
(3) blurred, indefinite null point, although a 
minimum of correct bearing may be detected. 

Polarication errors occur when the received 
wave la not a simple, vertically polarized wave 
but contains a horizontal component as well. 
This horizontal component arises f rom the 
rotation of the plane of polarication of the sky 
wave in its reflection from the Ionosphere. 
When such a wave arrives at a d-f station, the 
operator turns the loop to get a null indication 
but is able to do so only wfc -n he has oriented 
the loop In such a manner that loop voltages 
due to the vertical component (vertical loop 
conductors) and due to the horizontal compo¬ 
nent (horizontal loop conductors) are equal and 
opposite. This is not the loop position which 
gives a null on the vertical component only be¬ 
cause the angle of arrival ia such that there Is a 
phase difference between the two compcnenta. 
Therefore, the operator gets a wrong bearing. 

*•’* Attacking the Problem 

Two possible modes of attacking thia prob¬ 
lem present themselvea. Ot e pnaslbility is to 
design a collector with only vertical element*. 
This leads to the Adcock antenna which ia quite 
useful for many applications. Ita great disad¬ 
vantage la the fact that its pkaup, unless tbe 
structure U quite large, ia small whereas the 
loop can have many turns with correspondingly 
greater sensitivity. 

The mode of attack pursued under Project 
C-i9 was to accept the situation of having trou¬ 
blesome errors due to the horizontal pickup but 
to compensate the unwanted voltage hy another 
horizontal voltage secured from an additional 
antenna mounted with the loop and rotating 
with it. Thia forms the so-called compensated 
loop which has been discussed in the literature 
and on which patents have been granted.'* 
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In the system proposed, the voltage induced 
In the auxiliary autwron would be expected to 
behave in (ha same manner as the'voltage 
Induced in the loop by the horizontal polariza¬ 
tion. Then this voltage would be coupled Into 
the loop in such a manner as to provide neu¬ 
tralization for the unwanted voltage. 

Two basic problems are to be solved. First, 
what muit be the network characteristic" used 
for coupling the neutralizing voltage into the 
loop and, second, to what extent does the neu¬ 
tralization become incomplete if one of the 
operating variables change 

The bulk of the Anal report la devoted to a 
study of these basic problems including the 
effect of a wave reflected from the earth's sur¬ 
face, the effects of vertical and horizontal 
polarization or a combination of the two, errors 
In the uncompensated loop and in the compen¬ 
sated arrangement, calculations on typical 
situations, the effect of wavelength on compen¬ 
sation. variation of height of antenna above 
ground, and height of auxiliary antenna with 
respect to the loop. There is considerable ma¬ 
terial relating to the measurement of ground 
reflection coefllclenta, voltage ratios and phase 
angles, field strength, etc. 

, - f,i Results Obtained 

As a result of the theoretical analysis and 
extensive field testa, it is concluded that the 
system would work for short aa well as for long 
waves, calculations being given for a range of 
from 1- to 1,000-meters wavelength, that it will 
fun'tton for any type of soil condition, that it 
will not work on airplanes where extreme 
changes In soil type would occur over which the 
plane flies or where large variations in height 
above ground would occur. The system works 
best at fixed heights which are small (A/10 or 
less) compared to the wavelength. 

On actual demonstration of experimental 
equipment and a Sperry Mk-1 automatic direc¬ 
tion finder good compensation was secured. 

An extensive bibliography is included in the 
final report. 1 * 

Compensated-Luop Direriion Finder 
The Signal Corps of the U. S. Army in Janu¬ 
ary 1944, requested NDRC to perform research 


on a loop antenna satisfactory for direction 
finding on transmitters up to 30 miles away in 
the h f band which would be as satisfactory at 
nighttime as during the day. 

Under the continuing Project C-58. 1 some 
investigations were made on compensated-loop 
direction findera 

In the past considerable work has been per¬ 
formed in attempts to compensate loop anten¬ 
nas against response to horizontally polarized 
waves. In almost all such investigations the 
general problem of downcoming sky waves at 
any angle has been attacked. The failure to 
design a satisfactory compensated-loop direc¬ 
tion finder may have been due to the too gen¬ 
eral nature of the problem, 

A loop direction finder compensated against 
night errors for transmissions of not more 
than 30 miles would require that compematlon 
be against vertically or nearly vertically down¬ 
coming waves only. It might be expected that 
this special problem could be solved more easily 
than the general loop compensation which had 
aa yet no satisfactory practical solution. 

Although the final form of compensated loop 
might for reasons of portability be a single 
routable loop antenna with the necessary at- 
Uchments for response to horizonUlly polar¬ 
ized downcoming waves, it was decided that for 
reasons of convenience during the experiments 
a fixed crossed loop be employed, 

Directly below the crossed loops were In¬ 
stalled crossed horizonUl dipoles. An Injection- 
loop transmitter was located 30 ft directly 
above this collector, to generate the vertically 
downcoming wave. 

Both the loop antennas and the horizontal 
dipole antennas fed cathode-follower coupling 
units, in the dipole coupling units both ampli¬ 
tude and phase were adjusUbl* 

Experiments were made at night on a trans¬ 
mitter located 26 miles away. The loop trans¬ 
mitter located above the collector assembly wi.s 
tuned to the frequency of the disUnt transmit¬ 
ter and then the compensating dipole antenna 
coupling units were adjusted to minimize the 
signs). A reduction of about 10 db was easily 
accomplished. The diaUnt transmitter was then 
turned on, and it was found that on the 
cathode-ray indicator the swinging of the bear 
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inj? was reduced from four to eight time* as 
compared with the uncompensated loop. 

It waa found that the improvement was beat 
when the injection loop transmitted at precisely 
the aame frequency ss the distant transmitter. 
Also, an adjustment made when the ground 
und'T the loops waa dry became worthless when 
s brief rain altered the conductivity of the 
ground. On the whole, the compensation was 
not complete, and the apparent requirement for 
adjusting the coupling units by means of an in¬ 
jection signal exactly the aame frequency as the 
distant signal was a serious limitation. During 
tlie experiment it waa alao found that a slight 
frequency shift by the injection transmitter re¬ 
quired a large adjustment In the coupling unit 
controls. 

In the May 1946 issue of Proceeding! of the 
/.ft./?.' 5 an article by J. N. Pettit and A. W. 
Terman on compensated-loop direction Anders 
concluded with some encouraging remarks on 
the possibility of compensating a loop antenna 
by means of a horizontal dipole. Because this 
conclusion apparently differs from that reached 
in the report of Project C-58 on compensated 
loops, the NPRC requested a companion and 
discussion of the two reports to resolve the 
apparent contradictions. 

** PROJECT 13-122“ 

**'' Diacuaainn of Project C-I9 

Under Project 13-122," a Anal report was 
prepared which discusses the work accom¬ 
plished under Project C-19.’’ The gist of this 
discussion follow i. 

The compensated loop was studied under 
Project C-58 and the report on that project 
atatas that results were rather discouraging. 
The important item to be determined is whether 
the findings of Project C-19 were corroborated 
by the work in Project C-58 or whether there 
is some basic difference between the results. 
It is concluded that, basically, there is no theo¬ 
retical disagreement. However, it la shown that 
the coupling networks should, if possible, In¬ 
clude means for resolving the differences in the 

* Contract No. OEMar-1490. Federal Telephone and 
Radio Corporation. 
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internal impedances of the loop and dipole 
sntennas. 

The report of Project C-19 on the Investiga¬ 
tion of compensation in direction finders is a 
mathematical investigation to determine the 
phase angle and the amplitude ratio between 
the voltage induced in a loop antenna by s 
dawncoming horizontally polarized wave, and 
the voltage induced by the same wave in a hori¬ 
zontal dipole mounted at the center of the loop. 
It waa shown mathematically that in the pres¬ 
ence of grounds of medium conductivity, or 
better, thla amplitude ratio and phase differ¬ 
ence remain nearly constant for varying angles 
of incidence, and for varying frequency. For 
Instance, with wet soil, between the wave¬ 
lengths of 1 and 20 meters, the amplitude ratio 
varies from 6.4 to 6,8 and the phase shift varies 
from 9.9 0 to 8.5' These are calculation* of the 
voltages Induced into the antennas and do not 
take into account the internal impedances of 
the antennas. Assuming that the voltages, once 
they were Introduced into the antenuaa are 
available, the report shows that the compen¬ 
sation requirements vary slowly with fre¬ 
quency; and that for various types of soil, 
except very dry soil, the ratio of the two volt 
ages and the phsoe shift between them remain 
constant, provided that the antennas are 
mounted leas than a/ 10 above the ground. 

Coupling Network 

It was concluded that it was necessary to 
design a cireuit which would give constant 
phase shift, constant amplitude ratio, snd good 
•lability with varying frequency. Such a cir¬ 
cuit was designed under C-58. For convenience 
of indication a croased-ioop system with two 
horizontal dipole* waa used. An instantaneous 
cathode-ray Indicator for bearing indication 
was employed. There we re direct iow-impedance 
connections between the loops and the goniome¬ 
ter. Each dipole antenna waa then coupled to 
the corresponding low-impedance connection 
through a set of two balanced cathode-follower 
coupling units. One cathode follower operated 
without phase shift «,iu the other cathode fol¬ 
lower in the set had its phase shifted by 90'’. to 
that by combining the two and changing their 
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relative gains, the output phase could be ahifted 
from 0° to 90°. 

Although this coupling unit ia of the type 
that was Indicated by the conclusion of the C-19 
report, it does not take into account the vary¬ 
ing impedance of the dipole antenna with fre¬ 
quency and the varying impedance of the loop 
antenna with frequency. To employ the ratio 
of the two Induced voltage*, it would be necet- 
»«ry, if it i* at all possible, to obtain these volt¬ 
ages, for combination, without any phase shift, 
or amplitude ratio shift, introduced by e’ther 
internal impedances or external added impe¬ 
dance* in the antenna units. 

The final proof aubmitted in Project C-19 
wa» a d-f test at one frequency and at one 
downcoming angle. The direction finder was 
adjusted for good result* with the target trans¬ 
mitter and it is shown that the type of polar¬ 
ization transmitted by the target transmitter 
does not thereafter introduce any error. This 
test was repeated in Project C-53 as stated In 
their report of July 1948. For the purpose a 
polarized tranamitter was installed stop a 90-ft 
tower. However, in the report of September 
28, 1943,” on the problem of making the ad¬ 
justments with the target transmitter, it is 
noted that without the help of a target trans¬ 
mitter producing a downcoming wave at the 
frequency of the transmitter to be observed, 
the various adjustments of amplitude and phase 
cannot be carried out with certainty, and that 
the practical development of such a system for 
the Armed Forces did not look promising. 

Comparison or Reports 
The final report on C-58 contains no find¬ 
ings in conflict with the results of C-19. The 
report of May 28, 1948 (C-58)“ states that 
the phase difference seems to remsln constant, 
but a great deal of difficulty is encountered in 
cheeking the amplitude relationships, since 
they seem to vary. It is also stated in the 
report of July 1943,“ that "the phase and am¬ 
plitude relationships remain constant over 


long periods of time and the various states of 
polarization.” Thia finding seems to agree very 
closely with the theoretical calculations made 
under Project C-19. 

Since it was necessary to work for a practi¬ 
cal solution from the mathematical conclusions, 
it was necessary to investigate the amplitude 
and phase relationships between the two vol¬ 
tages to be opposed as t function of: (1) po¬ 
larization, (2) ground angle of the sky wave, 
13) frequency, and (4) ground constants. 

Once these relationships were proven to be 
constant, or very nearly so, it was necessary 
to deviae some circuits which could be adjusted 
easily and with certainty. In the report of 
September 28, 1943" it is stated that a target 
transmitter is needed for making thes adjust¬ 
ments. Thia teema to be a very reasonable 
assumption unless the ground conditions can 
be measured (which would be rather un¬ 
reliable, since the ground might vary over very 
large areea), and the adjustments to be made 
then calculated from those measurements This 
solution did not ueem practical for a useful 
military direction finder. 


Conclusions 

The investigations under Project C-58 on 
compensated loops revealed a problem not men¬ 
tioned in the Pettit and Terman report. That 
ia, the varying impedances of the antennas 
with varying frequency and ground conditions 
effectively prevent the use of the voltages 
induced in infinite-impedance antennas to com¬ 
pensate against horizontally polarized waves. 
The voltages discussed in the former report 
must be assumed to exist in infinite-impedance 
antennas, but auch antennas are not available 
in practice. Since the loop antenna's principal 
value is that it may be tuned, and when tuned 
ita impedance is a critical function of frequen¬ 
cy, the conditions of infinite impedance for an¬ 
tennas in a compensated 'oop system are not 
practicable. 
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Chapter 6 

CORRELATION OF D-F ERRORS WITH IONOSPHERE MEASUREMENTS 


P RIOR TO TUB war no coordinated study of 
ionosphere tranamission and d f errors at 
hifh radio frequencies had ever been attempted. 
Such a study was desirable from the stand¬ 
point of determining the causes of deviation* 
from gr;at-circle transmission paths and to 
establish criteria for the presence and extent 
of d-f errors caused by the ionosphere. 

At a series of conferences called by Division 
13, NDRC, and beginning in late January 1941, 
plans were made for systematic observation* of 
ionosphere characteristics and d-f errors in 
the range 2 to 30 me In which waves are re¬ 
flected from the ionosphere. The general plan 
was to have simultaneous ionosphere and d-f 
observations at a number of points on this 
continent A. a result projects were set up In 
Division 18 to implement this coordinated study. 
Numerous ionosphere laborstorles furoished 
data and numerous d-f stations furnished bear¬ 
ing information over considerable periods. The 
work wo* coordinated and cleared through the 
National Bureau of Standards [NBS] to whom 
the observations were sent 
The ionosphere reports submitted under 
these several projects were used by the various 
branches of the Armed Forces. The establish¬ 
ment of channels for reception of incoming 
data and technique* for processing it led to the 
development of t service kn-vn as the Inter- 
service Radio Propagation Laboratory [IRPL]' 
devoted to prediction and forecasting of h-f 
radio propagation conditions on a worldwide 
basis. The advantages of this work to the com¬ 
munications of the Armed Forces during the 
war arc obvious. 


** PROJECT CIS 

The several projects in Division 13 dealing 
with the cooedination of ionosphere measure¬ 
ments and d-f errors are C-I3, 13.2-88, 13.2'90, 
13.2-91, 13.2-92, and 13.2-99. 

Section IV of the Anal report on Project 
C-13 1 will serve to show future investigators in 


correlating d-f errors and ionosphere condi¬ 
tions what was attempted and will offer valu¬ 
able si'ggestions as to the layout of th* job to 
do this kind of work. Studied in connection 
with the Anal report on Project 13.2-92' and 
the bimonthly report* of the IRPL-G series 
beginning with IRPL-G1, July-August 1944, 
the early groundwork for the present Improved 
services performed may be ascertained. 

Section III of the C-13 report 1 describes the 
apparatus used. Rctter and simpler equipment 
was subsequently developed. Section V indi¬ 
cates the progress of the project with applica¬ 
tion to radio transmission up to the date of the 
end of the project. Section II summarizes 
types of normal and abnormal ionoaphero and 
field-intensity characteristics observed and 
shows some of these in the form of graphs and 
of continuous records of relative field intensi¬ 
ties over certain propagation path*. The origi¬ 
nal tabulations and records aro on Ale at NBS 
and the cooperating laboratories. 

*■* PROJECT 13.292 

At the termination of Project C-18 a new 
project, 13.2-92, was instituted. The work 
accomplished under this project ia as follows. 

The correlation of d-f errors and causative 
ionosphere conditions was carried out by five 
cooperating laboratories located in Washing¬ 
ton, D. C., Alaska, California, Puerto Rico, and 
Massachusetts. 

The d-f measurements at all the laboratories 
were made with the Navy type DAB spaced- 
loop direction finder. This and the other equip¬ 
ment employed are described In the final 
report on Project 13.2-92.' Measurements were 
made on a large number of stations distributed 
In azimuth, distance, and frequency. The re¬ 
sults obtained on approximately thirty repre¬ 
sentative stations dealt with in the report show 
relationships of bearing errors, field intensi¬ 
ties, maximum usable frequencies, and skip 
distances, geomagnetic disturbances, absorp- 
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tion, tnd transmitter Antenna directivity. 
Mention i* made of effect* of iporadic-£, 
scattering, and ionosphere disturbances. 

The result* demonstrated that deviations, 
often in excess of 50", occur in transmissions 
received at the NBS d-f 3ite from itationg 
located in England and Germany. The influence 
of auroral absorption zone on bearing accuracy 
uver these path* i* analyzed and indicates that 
the steep gradient of absorption between paths 
passing near and through the zone reasonably 
account* for the effects on low operating fre¬ 
quencies. On high operating frequencies, the 
dropping of the calculated maximum usable 
frequency for the path below the value of the 
operating frequency seemed to aceount filrly 
well for the large deviations. 

Correlation was found between bearing er¬ 
ror* and field Intensities, the large errors oc¬ 
curring when field Intensities are relatively 
weak. Considerable evidence that large errors 
might be predicted at times when the maximum 
usable frequencies fell below the operating fre¬ 
quency was also obtained. Simultaneous oc¬ 
currences of large errors and severe geomag¬ 
netic disturbances were observed on the Berlin- 
Sterling (D.C.) path and on the Daventry- 
Sterling path. Only alight evidence of geomag¬ 
netic disturbance* on bearing accuracy for paths 
other than those passing near or through the 
auroral zone was discovered. 

The program was considered sufficiently well 
under way at the end of the project to enable 
its being taken over by 1RPL. Thus the spon¬ 
sorship of tne project by NDRC ended June 
30, 1944. 

• J PROJECT 13.2-88 

The Anal report' on this contract* with 
Stanford University deals briefly with choice 
of site and coastrnction, goes into detail on the 
calibration and adjustment of the DAB direc¬ 
tion flnder and mentions preliminary conclu¬ 
sions deduced from the results of data observa¬ 
tion*. 

Calibration was accomplished by means of a 
target transmitter consisting of a small erystal- 

* Contract No. OEMsr-1122, Stanford University. 


controlled oscillator in a metal case with s 4-ft 
vertical antenna. Measurement! were made at 
30° intervals and at 300, 400, 600, and 600 ft 
at Axed frequencies ranging between 2.00 and 
17.32 me. Errors in bands 1 and 1! were Iwd. 
It was found possible to minimize these errors 
by redistributing the loop Inducti nces. The er¬ 
ror in every case was taken as the difference 
between the true bearing and the mean of the 
direct and reciprocal bearings measured by 
the DAB. 

Beginning March 1. 1944, after a prelimi¬ 
nary period of training, regular observations 
were begun on stations in areas suggested by 
NBS. These stations were in Alaska, Russia, 
Mexico, Hawaii, Japan, China, and Australia. 
Data were recorded on weekly summary forms 
and copies sent to NBS. 

For the most part, large deviations were 
observed to occur during periods when the 
maximum usable frequency for the path was 
below the operating fr-quency of the transmis¬ 
sion being observed. However, exceptions to 
this were noted, especially over multi-hop paths 
in the Pacific area. 

The correlation of bearing deviations with 
field intensity was good, in that nearly all large 
deviatioas were accompanied by corresponding¬ 
ly low field intensities, although the converse 
was not always true. 

** PROJECT 13.2-90 

The primary object ^f thia project" was to set 
. up a Navy DAB unit at a site appropriate for 
proximal d-f observations, as a means of atudy- 
ing Ionospheric and rsdio transmission factors 
of importance in the deviation of long distance 
d-f bearings. Actual operation of the equip¬ 
ment was carried out under contract between 
the University of Puerto Rico and 1RPL. The 
Anal report' gives the methods of eshbration 
employed, the means by which the lower-fre¬ 
quency bands were made to have smaller posi¬ 
tive errors than they originally had, namely, 
by readjusting th; loop inductances as was 
done under Project 13.2-88. 

* Contract No, OEM«r-llnl, University of Puerto 
Rleo. 


CONFIDENTIAL 


PHOJhCT IS m 


** PROJECT 13.2-91 

Work on this project*’ wee carried out in 
Alaska, where the Department of Terreitrial 
Magnetism. Carnegie Institution of Washing' 
ton, set up a Navy DAB-3 direction finder near 
the University of Alaska. Direction finder 
measurements were made on a 24-hour basis' 
in April 1944 and continued untii the project 
was taken over in July by IRPL, Among the 
accomplishments were the plotting of mean 
hourly deviations from true bearings of the 
stations observed, and production of ecatter 
diagrams of (1) mean diurnst bearing devia¬ 
tions versus mean diumai geomagnetic K-Ag- 
ure, and (2) mean diumai bearings of observed 
stations for a mean diurnal geomagnetic K- 
figure of 30 (considered normal) on polar 
coordinates, showing the direction of their 
dev'it ion from the true bearing. 

Primary conclusions from these anaiyaes, 
which were continued after the project eame 
under IRPL, was that bearing deviations seemed 
roughiy to go in the direction of a north- 

• OEMar-llSl, Carnegie Institution «♦ Waahington 
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south line with increasing geomagnetic K-ftg- 
ure. In general it seemed that preliminary re¬ 
sults strongly confirmed the desirability of 
uvaiuating directional bearings in the light of 
radio wave propagation characteristics, but did 
not show much promise of isolating systematic 
trend* to permit application of predetermined 
correction factor* for general uae. 


« PROJECT 13.2 99 

As in the other projects of this series, a 
DAB direction finder was set Up, this one near 
Cambridge, Massachusetts, by Harvard Uni¬ 
versity, and bearings were taken on the re¬ 
quired stations, the data” being submitted to 
the Bureau of Standards. In addition plans 
were prepared for conducting aweep-frequency 
ionospheric observations by automatic equip¬ 
ment. This involved the construction of the 
necessary equipment. Thia project* waa taken 
over by IRPL at the termination of the NDRC 
contract 

< Contract No. OEMar-12S2, Harvard Unlvenity. 
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Chapter 7 

MISCELLANEOUS DIRECTION FINDER RESEARCH 


S everal projects under the aupervision of 
Division 13 carried out certain tecnnical 
work on direction finding which is not con¬ 
veniently or iogicaily placed in one of the other 
chapters of thii volume, This work la sum¬ 
marised here, to complete the record. 

T t TESTS ON DIRECTION-FINDER 

SYSTEMS—PROJECT 13-110 
In July 1H46 Section 13.1 of Division 13 set 
forth the general theaia that standards for d-f 
system* should be worked out so that the 
adoption of suitable standardized procedure 
(of testing d-f systems) will result in simplifi¬ 
cation of correlation of data when two or more 
direction finders are to be compared. At the 
time, the Services were employing s wide 
variety of direction finder*, differing in respect 
to their collector systems, bearing indicator*, 
and methods of resolving bearing information 
The frequency band coverage Included ail com¬ 
munication frequencies from very low through 
uitra-high frequencies. 

A conference of representatives of the vari¬ 
ous Service laboratories with member* of Divi¬ 
sion 13, NDRC, set up proposed test procedures. 
Central Communication* Research, Cruft Labo¬ 
ratory. Harvard University, was assigned the 
talk* of investigating the practicability of the 
proposed procedures by applying them to exist¬ 
ing d-f systems and, at the cloie of the war 
with Japsn, four Army unit*, SCR-602, SCR- 
603, SCR-651 snd a developmental model of 
CRD-2, and a Navy DAB installation had been 
set up by the laboratory ataff. 1 Some measure¬ 
ments had been made and arrangements were 
completed for continuing the work actively 
under a Navy contract. 

>s SURVEY OF AIRBORNE DIRECTION 
FINDERS- PROJECT 13-109 
A survey of existing airborne d-f system* 
for high trequency. very high frequency, and 
* Contrail No. OEMsr-lMl. 


ultra-high frequency was conducted under 
Project 13-109 and the revised final report 1 
gives the reault of this investigation together 
with recommendations for future work. The 
report givea frequency range, present status, 
type of indication, type of antenna, weight 
wind drag, power consumption, and special 
featurrs for the following direction finders: 
homing equipment; RC-138-T1. AN/ARA-8, 
AN/APD-1, M-3100, and C-1900; manually 
rotatable AN/APA-24; automatic direction 
findere DBH, DBA, CXGJ-2. CXGJ-5, CXHT. 
CXHM. CXGG-2, CXGL-2, M-2300. M-3000, 
and M-4600. These instruments cover the fre¬ 
quency range from 0,25 to 6,000 me. 

Recommendations for Future Work 

At the time the report was written no 
existing equipment* covered the iower portion 
of the radio spectrum. Two pending develop¬ 
ments included frequencies just above 2 me, 
the DBA and DBH, but these were designed 
primarily for ahipboard installation, and it 
was only the expressed need for airborne auto¬ 
matic direction finders for high frequencies 
which prompted the Naval Research Labora¬ 
tory to suggest that these equipments might 
be satisfactory for aircraft installation. 

Previous experiments in airborne h-f direc¬ 
tion finding, a# well as knowledge of the re¬ 
radiation characteristics of aircraft diacour- 
aged the installation of h-f d-rection finders 
with 360 bearing indication as airborne equip 
ment. The likelihood that the DBA or DBH 
installed on aircraft will give good accuracy 
was not promising. 

Homing-type direction finders operated 
satisfactorily at any frequency on an aircraft, 
yet this survey reveals no homing direction 
finder existing or under development for fre¬ 
quencies below 18 me. Thia was probably not 
due to electrical difficulties In the design of 
such equipment, but to the fact thet the Ser¬ 
vice found major difficulties in using homing 
direction finders for obtaining bearings on 
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distant signals. To take a bearing with a 
homing direction linder. the plane's heading 
had to be varied, and at the time the bearing 
was taken, the plane’s heading and position had 
to be recorded. Thia process was considered 
unduly confuting for the navigator. When the 
homing direction finder was employed to home 
to within visual sight of a transmitter, this 
difficulty did not arise, and it was for such 
purposes that the homing direction finders in 
this list were probably intended. 

Even in the lower very high frequencies, it 
was expected that the aircraft atructure would 
cause serious errors in any direction finder 
which provided indication for 360°, It was for 
this reason that the accuracy of the CXGJ-2, 
CXGJ-6, and CXHM was doubtful ill the lower 
portion of their frequency range. 

From 100 me upward, gaps in coverage* by 
automatic direction finders appeared to be due 
only to lack of sufficient Service Interest in the 
past. Upon completion of developments under 
way, the only frequencies between 100 and 


5,000 me not covered by airborne automatic 
direction finders would be from 160 to 225 me, 
and the manually rotatable C-2100 covered this. 
There was a need for an airborne unit to cover 
100 to 166 me which does not have the large 
wind drag of the CXGG-2, 

Above 5,000 me there appeared to be no 
development problems peculiar to airborne 
equipment, and any system which would oper¬ 
ate on land or on shipboard could be adapted 
for airborne installation. 

It appeared that new approaches were 
worth consideration for developing automatic 
direction finders in the frequency band from 
2 to 30 me, where there was need for equip¬ 
ment which could take bearings on communica¬ 
tions transmitters without the difficulties in¬ 
herent in homing direction finding. 

From 30 to 100 me, there was a similar 
though somewhat less pressing demand for 
automatic direction finders. Provided the 
CXGJ-2 proved satisfactory, research wss in¬ 
dicated only in the h-f band. 
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U-H-F RADIOSONDE DIRECTION FINDER 


Development of * ilmple direction Under for ob»er*- 
!nf tin fl.ght of meteorologies! btlloon*. 1 Using sn 
Adcock sntenns and * iin*te-dlpolc antenna «yitem 
wllh a corner-type red ,-ctor mounted on a tripod, an 
accuracy of ‘A ‘ in determination of azimuth and from 
0° to a few decree* in elevation wai attained when 
meaiurinR the direction of balloon tranimittera operat¬ 
ing on 183 me. Gold plating the reflector wire* Im¬ 
proved tho shielding of the reflector materially. 

•« OBJECT 

T O MEET the need for a simple and dependable 
method for observing the flight of meteoro¬ 
logical balloons under any and all weather con¬ 
ditions, a simple, easily portable radio d-f equip¬ 
ment was developed.* The instrument meas¬ 
ures both the azimuths! and the vertical bear¬ 
ings of s small radio transmitter sent aloft on 
balloons, thus avoiding the problems incidental 
to the maintenance and aynchronization of two 
ground stations which would be necessary If 
only the azimuthal bearings were observed. 

“ APPARATUS 

The transmitters employed as t source of 
signals for the experiments are the type used in 
radio-sondes. They transmit a vertically polar¬ 
ized wave algnal at 183 me. 

The radio direction finder is comprised of an 
Adcock antenna for measuring azimuthal 
angles and a single dipole antenna for measur¬ 
ing vertical angles shielded with a corner-type 
reflector to make the dipole free from the effects 
of reflected waves from the ground. The reflec¬ 
tor system is in fact a secondary radiating sys¬ 
tem which, when placed in an electromagnetic 
field, produces a secondary radiation Held such 

’ Project C-33, Contract No. OEMir JIT, California 
institute of Technology. It ia underatood that a radio- 
aonde d-f system devalued Independenlly by the Air 
Forcea made it unnecessary for tha Signal Corps to do 
inj more work on tha Instrument developed under thia 


that, when properly oriented and placed with 
respect to the dipole, it neutralizes the effect of 
the original field at the dipole, 

A simple sketch of the inalrument is shown 
in Figure 1. Referring to the figure, the ele¬ 
ments marked I and 1', which are self support¬ 
ing rods of duralumin or other suitable ma¬ 
terial are each A/4 long. Roda 1 and 1' are co¬ 
axially aupported, with their adjacent ends 
spaced approximately 1 cm apart, by Insulating 
supports 2, which are in turn supported by the 
tubular spacer 3 so as to maintain the rod* 1 
snd 1' in a plane normal to axia .Y-.V with the 
pairs of rods parallel and spaced A, 2. Rods 1 
snd 1' hsve their inner ends connected together 
respectively by the line 4. This assembly is a 
directional antenna of the Adcock type, and Is 
used to determine the azimuth uf the incoming 
wave in a manner to be described later. 

Rod* 6, similar to rod* J and 1', are similarly 
coaxially supported by insulator 6. Rods 6, 
constituting a dipole antenna, feed the line 7. 
The dipols 5-6 together with the shield 8 con¬ 
stitute the antenna assembly for the determin¬ 
ation of the veitical angle of incidence of ths in¬ 
coming wave, 

The shield 8 is of the corner-re (lector type 
which shields the dipole from reflected waves 
from ground without impairing the receptive 
and directive characteristics of the dipole In its 
reception of the direct waves from the trans¬ 
mitter. 

The reflector wires 9, approximately 0.8a in 
length are supported so as to be mutually 
parallel, and at the same time parallel with the 
dipole 6-5 in two plane*, whose intersection is 
the line D-D'. The included snide between the 
planes ABC Is 00°. The dipole 6-6 lies in a plane 
which bisect* angle ABC at a focal distance p 
of slightly greater than A/2 from the line D-D’ 
and parallel thereto, The reflector wires should 
not be more than a/ 60 apart, and preferably 
closer. 
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The two antennas are con -cted through 
their feed lines 7 and 10 to * d-p, li-t switch, of 
suitable design for the frequencies employed, 
permitting connection at will of either antenna 
to the line 12 which feeds the receiver 13. Line 
10 connects to the electrical midpoint, which is 
also the geometrical midpoint if carefully con¬ 
structed. of line 4. Lines 4, 7. 10, and 12 are 
made with two parallel No. 18 copper wires 
separated by victron spacers. 

The two antenna -.y.stems are so mounted as 
to be rigidly held in fixed positions relative to 
each other and constitute the directional an¬ 
tenna assembly. The axes X-X'. Y- 5 . and Z-Z' 
intersect at angles of 90° each with the other. 
The dipole 5-5 Is parallel to axis X-X. Lines 7, 
10, and 12 have a length of X. 

The directional antenna assembly may be rp 
tated about axes Y-Y' and Z-Z’, One meana of 
turning and controlling the rotation of the as¬ 
sembly about axis ZZ is illustrated where the 
worm reduction gear 14 is turned by means of 
the hand wheel 15, Rotation about axis Y-Y' 
may be produced manually or by some mechani¬ 
cal device. The angular positions due to rotation 
about axea Y-Y' and Z-Z may be indicated and 
measured by any sultabie aystem. The simple 
device shown in the drawing consists of a 
graduated quadrant 16 and fixed pointer 17. 
The fixed graduated circle 18 and its associated 
pointer, 19, indicate and measure angular rota¬ 
tion about the Z-Z and Y-Y' axes respectively. 

The complete unit is ahown mounted upon a 
tripod, 20, »o that the receiver, 13, is one wave¬ 
length above ground. For best reaulta the axis 
Z-Z should preferably be more than two wave¬ 
lengths above ground, 

The superheterodyne receiver 13 has an out 
put meter to indicate the signal Intensity and s 
pair of earphones for audible indication. It 
must be well shielded to eliminate stray pickup. 
The receiver Is supported by a tubular support 
21, so that it rotates with the antenna asaem 
My aa an integral unit with it, and definite 
advantages result since it makes better shield¬ 
ing possible and there is no possibility of the 
characteristics of the transmission lines being 
altered even though the assembly ia continu¬ 
ously rotated in the same direction. In tins way 
the relative position of the operator with re¬ 


spect to the two antenna systems will remsin 
unchanged during operation thus eliminating 
any error In the measurements caused by the 
changing position of the operator with respect 
to the antenna system. 


•• RKSLLTS 

Various types of reflector aystems were 
tested aa shields of a dipole antenna from 
ground-reflected waves when used to messure 



the elevation angles of incoming electromagne¬ 
tic waves. A single rod reflector, reflector and 
director combination, cylindrically parabolic 
sheet or win reflectors, cylindrical sheet or 
wire reflectors, and corner reflectors were ex¬ 
amined. 

Tie corner reflector in conjunction with a 
'i.uple a/ 2 dipole was found to be most satis¬ 
factory for the purpose, Figure 2 is a polar 
diagram of the strength of the received signal, 
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in terms of the i f voltage on the pl«te of the 
last i-f stage of the receiver, for various hori¬ 
zontal angular settings of the shield. The circle 


Figure 2. Curve C shows that the shielding is 
quite effective and fairly uniform. 

In Figure 4 are shown respons curves indi- 



represents the uniform signal received without 
any shield. Maximum shielding is shown where 
the open side of the shield is 180- from the 
transmitter. In this setup the A/2 antenna and 
the reflector remained vertical, snd the reflec¬ 
tor was rotated about the antenna. The curves 
show the results for different focal distances p 
at a spacing of A/60 between reflector wirea. 

It was found that a focal distance of 86 cm 
gave the best results with a good ratio of shield¬ 
ing to gain as the reflector was swung through 
180°. Representative curves A, B, and C show 
the response for p's of 85, 86, and 100 cm 
respectively. 

Figure 8 shows the results of tilting the A/2 
antenna with and without the shieid, toward a 
stationary transmitter located on Mt. Wilson 
(about 7 miles away) about a horizontal 
axia. Curve B is the response of the antenna 
alone without any shield. Curves A and C are 
with the shieid in place facing toward the 
transmitter, and opposite to it, respectively. 
These positions correspond to the respective 
angles of 0° and 180° in the polar diagram. 


ISO* 



FlOUtE 4. Asimuthai response of dipole with 60’ 
comer reflector made of wires of different lengths. 
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eating the effect of the length of the wire ele¬ 
ment* of the reflector at A/7.6 spacing on it* 
shielding properties. Because of the congestion 
of the curves near the zero-angle region, only 
representative curves are drawn in the ftgu.e. 
It is seen that best shielding occurs at the 
length of 0.66a. This value was used as the 
optimum length of the wire elements In the 
later experiments on the wire spacing* of the 
j redactor. 


I 

i* a* 



Figures 6 and 6 show the effect of wire spac¬ 
ing on the shielding properties of the reflector. 
It is seen that the closer the spacing of the wire 
elements, the better is the shielding, although 
it i* not too critical when the spacing is smaller 
than A/7.6. Nonetheless, A/60 spacing seems to 
be the best in the group. 

These tests were all made close to ground. It 
was iater found that the results th’’>. obtained 
do not quite hold when the corner reflector is 
mounted on the instrument at a height of 3 a 
above ground, and in the vicinity of the Ad¬ 


cock antenna and other metal supports of the 
instrument. 

Experiments made with an incoming radio 
wave emitted from a transmitter at Mt. Wilson 
at a vertical angle of 7*i 3 showed "hat with¬ 
out the reflector the deviation from the true 
direction is over 22°, while with a reflector of 
A SO spacing the deviation reduces to about 1° 
(see Figure 7). From Figure 7 It ia seen that 
for a A/60 spacing the null point is much 
sharper. It is to be remembered that at thia 


1 



grazing angle of 7%°, the intensity of the re¬ 
flected wave from the ground is extremely 
strong. This suggested the necessity of further 
decreasing the apacing and the reaults shown 
in Figure 8 using A/120 and A/240 spacing are 
quite aatisfactory. In both cases the deviation 
is only >4 which ia of the same order of mag¬ 
nitude as the experimental error of the instru¬ 
ment. It is also seen from Figures 7 and 8 that 
the small humps which appear in the case of 
larger spacing* arc i moothed out in the case of 
a 120 and A/240 apaemgs. 
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Use of Coffee Screening as Shield 
For the a/60 spacing there were about 120 
wires which had to be individual^ fastened Into 
proper place with the right spacing, and for a 
a/240 apacing there were 480 wires fastened on 
to the reflector frame. Some difficulties were 
experienced in putting on and changing all 
these wires on a ilpht wooden frame with the 
spacing so ciose and yet without the wlrea 
touching each other, when they had to be fast¬ 
ened on to the reflector frame which is about 
20 ft above ground. The a/240 spacing is al¬ 
ready so close that further decreasing of the 



spacing ia impractical In the present method of 
mounting. In view of thia fact shielding prop¬ 
erties of fine copper wire screen were experi¬ 
mented. Figure 9 shows the response curves of 
the reflector using various numbers of pieces of 
copper wire screen as the reflecting element!. 


It can be seen from Figure 9 that the more the 
wire tcreen is cut, the better is the shielding. 
Thia shows that the presence of the horizontal 
members of the wire screen decreases the effect 
of shielding. 

Different sizes of wires and tubings ranging 
from No 32 wire to ',4-Inch tubing were tried 
as the reflecting elements and no appreciable 
difference in the efficiency of the shielding prop¬ 
erty of the reflector was observed. 


Determination of azimuthal ano Elevation 
Angles of an Incoming Wave 

Directional measurements were made on in¬ 
coming waves emitted either from a stationary 
tranamitter located on top of Mt. Wilson 7 milea 
away, or from i transmitter sent aloft on 
meteorological balloons. 

Table 1 ahowa the results of azimuthal meas¬ 
urements with the Adcock antenna made in an 

Tails 1. Aaimuthal angles measured by Adcock 


Olaa-tvatlona nude by 
Ailrock antenna, 


7 (Mt WiImxi 
i (Ml. Wtosi 
0 (Ml. Wilson 


Visual Vorllml an*le (at time 
•ihwTvalion, srlmutlial observation 
m deems was niadci. in (lr*m» 
KM .'II 


“1 

111 

1 

211 o 
7 a 
0 


IS 

42 


open field with the transmitter supported by a 
captive balloon. This illustrates the Indepen¬ 
dence of the azimuthal meaaurementa from the 
vertical Incidence of the incoming wave, The 
last three low-angle meaaurementa were made 
st different times, at different location., on the 
Mt. Wilson tranamitter. The accuracy obtained 
in the azimuthal meaaurementa ia within Vi°. 

Repeated measurements made on the eleva¬ 
tion angles of the direction of the incoming 
wave emitted from a transmitter on top of Mt. 
Wilson are within Vi” from the true direction 


CONFIDENT! 4 L 



134 


_tf-H-F HAUIO-SOMIE DIRECTION FINDER 


(who»e true elevation angle is 7*4°). Observe- Table 3 shows the measurements made on the 
tiona were also made on transmitters sent aloft elevation angles when the reflector was re- 
on captive balloons at various altitudes and ele- moved. Thia demonstrates the great deviation 
vation angles, The results of these observations 

made at various times are shown in Table 2. tasu: 3. of elevation angles with¬ 


in the readings from the true direction caused 
by ground-re fleeted waves. 

While some of the results of the elevation 
angles obtained by using the direction finder 
are very good and agree within *4° with the 
readings obtained visually, there are readings 
which differ quite appreciably from those meas¬ 
ured visually, This is probably due to the fact 
that the antenna swings badly, changing the 
plane of polarization of the incoming waves. 
This in turn affects the magnitude of the emf 
induced In the receiving antenna and causes the 
fluctuation In the output of the receiver. When 
the indicator needle swings badly, it is hard to 
determine the null point with any accuracy, 

EFreer of shield Oxidation 

Another factor responsible for the deviations 
in the readings which sometimes amounted to 
as much as a few degrees is probably the de¬ 
crease in the eftlclencv of the shielding system 
on account of the formation of a poorly con¬ 
ducting layer on the surface of the copper wire 
elements. This layer is due to oxidation, caused 
by the constant exposure of the shielding sys¬ 
tem to various weather conditions. Since at 
ultra-high frequencies, practically all the cur¬ 
rent flowing in the wire ia concentrated on the 
surface of the wire, any contamination of the 
surface will decrease the efficiency of the wire 
elements in their secondary radiation. This is 
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especially important in the present case be¬ 
cause the secondary radiation field due to these 
wires serves to neutralise the effect of the 
ground-rellected waves at the antenna. Any 
deterioration in the efficiency of the shielding 
system would decrease the intensity of the sec¬ 
ondary radiation field thus causin' the effect 
of the ground-reflected waves still to be mark¬ 
edly noticeable at the antenna. 


necrs using fixed and movable target transmit¬ 
ters which were eith»r set up on top of one of 
the laboratory buildings or carried around by 
an Army jeep on the field. The result* obtained 
were quite satisfactory. Later a free balloon 
flight with a burzer-modulated transmitter waa 
made and the flight tasted about half an hour 
with a range of approximately 25 miles. The 
results obtained show that an error in both the 



Fioinr 10. Effect* of gold plating tin reflector. 


A new corner-type reflector was made of No. 
30 copper wire which was gold pitted. Tests 
made using the new reflector on an incoming 
wave from Mt. Wilson show a marked improve¬ 
ment over the old reflector whose elements had 
been badly oxidized. Thia is shown in Figure 10. 

Experiments Made at Fort Monmouth 
The direction finder was shipped to Fort 
Monmouth September J8, 1942, where it was 
set up on the ground in front of one of the 
laboratory buildings of the Signal Corps Field 
Laboratory No. 2 at Eatontown, N. J. Ext«n- 
sive tests were made by the Signal Corps engi- 


asimuthal and elevation angles ranged from 
Vs° to 3</ t °. 

During one of the flights, the theodolite ob¬ 
server lost the balloon in heavy cloud bank, 
but 25 minutes later the balloon was relocated 
in the theodolite with the help of the settings 
obtained by the direction finder. 

It it believed that by using proper damping 
devices to keep the antenna from swinging ap¬ 
preciably during the flight, by properly shield¬ 
ing the transmitter and by further increasing 
the efficiency of the reflector system auch as by 
decreasing the reflector spacing, etc,, the ac¬ 
curacy in the determination of the elevation 
angles esn be greatly increased. 
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DEMOUNTABLE SHORT-WAVE DIRECTION FINDER 


development of equipment (8CR-502) giving ln*t»n- 
taneoui bearing* on aJgr*li In the ref Ion 1.5 to 30 me, 
eiaUy transportable In »n Army trailer, capable of 
being irected In a few hour*, with wave collector* aa 
free from polaritation error* a* poulble, the cathode- 
ray oacllloacope paltam* which *how bearing alio 
giving Indication of the quality of Ihe bearing* and 
Ihr condition of operation. At a iingle-band ayatem 
(SCR-291) thia apparalua waa widely uaed by the Air 
Trantport Service. 1 


*« INTRODUCTION 

AT THE TIME thla project* was started, the 
r\. principal short-wave direction finder in 
u*e waa the elevated H Adcock ayatem. It wan 
manually rotated by the operator and employed 
aural null indication. A typical device of thia 
type waa the SCR-6B1-T1. Some preliminary- 
work had been done on a fixed land-atation 
direction finder for theae frequencioa, desig¬ 
nated the DAJ, and made for the Navy. No 
portable ahort-wave direction finder was avail¬ 
able which would Rive reasonably accurate 
bearings under condition* of aky-wave recep¬ 
tion, principally becauae of errors caused by 
horizontally polarized components of the re¬ 
ceived signal. In a large number of cases it was 
impossible to take bearings with existing sys¬ 
tems because of the inahility of the operator to 
follow the null mechanically. Tests on an ele¬ 
vated H Adcock showed that its performance 
was greatly affected by ground conditions and 
that the order of balance required to secure pro¬ 
tection against horizontally polarized waves 
waa beyond all practical limits. 

The DAJ equipment showed that it was pos¬ 
sible to secure materially improved results by 
using cathode followers at the antennas and by 
burying the cables to reduce the effects of cur¬ 
rent in them to a small degree, 

’ Project C-34, Contract No. OKM*r-2U3, Federal 
Telephone and Rsdio Corporation. 


»•» ACCOMPLISHMENTS 

The SCR-E02, a two-band ayatem covering 2 
to 80 me and which was produced In quantity 
aa a single-band syatem for 2 to 10 me (SCR- 
291), gave bearing accuracy of 2 per cent on 
perhaps 75 per cent of the received signal* 
when the apparatus waa properly set up, the 
octantal error corrections made and the opera¬ 
tor trained to its use, 

Compared to exiating systems, the SCR-602 
had 1 great Improvement in accuracy, gave the 
operator the ability to see the nature of the 
signal and to interpret ita probable worth as an 
indication of bearing, and was reasonably port¬ 
able since it could b- set up In about 2 hours 
on a suitable level site without the necessity of 
burying any cables or indulging in airplane 
calibration procedures. It was comparatively 
easy of maintenance because of the cathode fol¬ 
lowers separating the antennas from the con¬ 
necting cables to the apparatus. 

The principal character!atks and advan¬ 
tages of the system are; 

1. Bearings can be taken on very short aig 
nals. For instance, a good bearing can be 
taken by an ordinary operator in 2 seconds 
maximum (Including sense finding). 

2. The reliability of the bearing ia known. 
The indicator shows whether the signal is 
mixed with Interference or with other signals. 
It shows If the bearing is steady and reliable, 
or shifting due to propagation conditions. 

3. The signal ia audible during the taking of 
bearings. 

4. The accuracy is independent of the fre¬ 
quency within the limits allowed by the quality 
of the antenna and goniometer designs. 

5. Only one receiver Is used in a conven¬ 
tional manner. The receiver differs from a 
standard type in that the input circuit is de¬ 
signed to match the balanced output of the 
goniometer and the output of the rectified i-f 
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circuit is connected to the external oscilloscope 
amplifier. 

6. Remote indication is possible. Ail oscillo¬ 
scope Indicator installed at s diatance will Indi¬ 
cate the same image as the original. The trans¬ 
mission can be effected on two wire line pairs, 

7. Sensitivity of the direction finder for a 
selectivity of 3 kc and i nignal-to-noise ratio of 
8 to 1 varies between 6 and 12 ,.v per meter 
within the frequency range covered. Under 
these conditions, a good readable pattern is ob¬ 
served on the indicator ao that an inexperienced 
operator can take a bearing accurate to within 
2 per cent and an experienced operator can take 
a bearing accurate to within 1 per cent. Cor¬ 
rection curves of the system installed at a 
proper site are not larger than degree*. 

The sensitivity on sense is the same as on 
direction finding; on downcoming waves with 
elevation angles up to 30°, the sensitivity it 
practically as Indicated above; half the above 
figures hold for angles of 46° and one-quarter 
the values for angles of 60°. 

8. Polarization errors as measured by means 
of a transmitter on a 90-ft tower sre no larger 
than those of the best fixed antennae that 
could be installed. The monopole antennas sre 
25 to 50 times leas sensitive to horizontally 
polarized waves than to vertically polarized 
signals. Standard wave errors are of the order 
of 1.5 to 8' maximum. 

9. Installation of the complete system plus 
adjustments requires 47 man hours; a trained 
crew of five men can place the direction finder 
In operation In two to three hours. 

M DESCRIPTION OF THE, EQUIPMENT 

The direction finder comprises: 

1. Two sets of five monopole vertical an¬ 
tennas, only one set to be utilized at a time with 
the corresponding aet of transmission lines. 
One set covers the range 2 to 10 me; the high- 
band collectors covering the range 10 to 30 me. 
The two wave collectors differ in the spacing of 
the receiving elements, and therefore, in the 
lengths of transmission lines and the dimen, 
aions of the ground mats. 

Each set of wave collectors comprises four 
fixed monopole antennas used in conjunction 
with a crossed-coil goniometer plus a fifth re¬ 


ceiving element identical to the four others of 
the group, installed in the center of this group. 
This fifth element is used for sense finding. The 
two wave collectors can l>e installed in several 
ways providing s minimum distance of shout 
60 yards exists between the two. 

2. Two remote motor-driven goniometers in¬ 
stalled in the field near the antennas and de¬ 
signed to operate in the wave range of each 
antenna, 

3. A receiver covering the entire range in 
several bands. 

4. A CRO indicator. 

6. A power-supply system no, mully designed 
to be operated from 110 volts alternating cur¬ 
rent ; if this current Is not available the equip¬ 
ment can be operated from a storage bsttery 
feeding a rotary converter, although the bat- 
tery drain is high. 

6. A remote indicator, all electronic, repro¬ 
ducing at s distance of 7.5 miles the pattern 
obtained on the local indicator by means of two 
WllO-B type field wire lines. 

The receiver. Indicator, and power-supply 
circuits are installed in s trailer. This trailer is 
arranged to carry all parta of the antennas, 
reels of cable, ground mat*, and electronic 
equipment. 

*■* PRINCIPLE OF OPERATION 

The signals received by a wave collector made 
up of five receiving elements sre converted to 
balanced outputs by cathode followers, mixed 
and scanned with a goniometer, the search coll 
of which is rotated by an electric motor at a 
constant apeed of 30 rps. The signals are then 
amplified and rectified in the receiver. 

The output circuit is arranged so that. In the 
absence of signal, a continuous current is ob¬ 
tained. The presence of the signal carrier re¬ 
duces the current, which approaches zero for 
signal* of sufficient amplitude. The output cur¬ 
rent is applied to a deflection coil syatem which 
rotates about the neck of the oscilloscope syn¬ 
chronously with the search coll of the goniome¬ 
ter. 

In previous designs the goniometer watt in¬ 
stalled on the same shaft aa the rotating coil, 
thus avoiding the synchronization problem. In 
this design, the goniometer is remotely rotated 
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by b synchronous motor and the synchronism is 
ButomBtically controlled. 

In the absence of signal, the deflected spot 
trace* a circle on the screen, in he pretence of 
signal, the deflection is decreased and the spot 
tend* to come back to the renter of the screen. 
Because of the synchronization with the *esrch 
coil, a fixed image like a double arrow, which 
can be *hari>ened or flattened depending on the 
amplitude of the carrier current at the detector, 
is aeon on the CRO screen. 

<M-1 Sense Oireuil 

Sense indication is obtained a* follow*: the 
central antenna i* connected to the output 
tran*former of the goniometer through a high- 
frequency line. The resulting cardioid diagram 
or one intermediate between cardioid and figure 
eight cause* an image a* ihown in Figure 1 to 
appear on the screen. To make the sense read¬ 



ing easy, the position of the figure on the screen 
is rotated 90° by connecting the output of the 
CRO amplifier to another set of deflecting coils 
displaced 90° with respect to the normal set. 
This operation la performed by a relay at the 
tame time as the — r from the central receiv¬ 


ing element is applied to obtain a unidirec¬ 
tional diagram. 

The CRO indicator uaed locally (type AS) it 
highly accurate. The remote indicator (type E) 
is lesi accurate but perform* satiafactorily the 
operation deaired 

Operation of the Hemote Indicator 

At the main station a pulse is generated 
synchronoualy with the rotation of the type AS 
indicator. This pulse, sent over one of the tele¬ 
phone lines to the remote indicator, synchro- 
nizea an oicillator which is used to produce a 
circle on the CRO acreen. The diameter of the 
circle is controlled by the coupling tube bias, 
which is modulated by the output current of 
the receiver sent on the aecond telephone line. 
A pattern aimiiar to that observed on the type 
AS indicator ie produced on the remote indi¬ 
cator. 

A voice telephone circuit can be connected to 
the first line. 

The remote indicator is locally supplied with 
power not required to be exactly of the same 
frequency as at the main station. 

**-* Wave Collectors 

Quite a number of antenna systems were 
studied before the one used in this system was 
•elected. Vertical- and horizontal-spaced loops 
were compared with the well-known vertical¬ 
spaced antenna system and it was found that, 
for efficiency and sensitivity, the monopole an¬ 
tennas were much better, 

However, when using conventional monopole 
antennas, with or without solid ground mat, 
and with direct shielded crossed connection be¬ 
tween each pair of antennas (buried or not), 
the results obtained with respect to polariza¬ 
tion errors were rather poor. 

A thorough study of the operation of the 
monopole* ihowed that the direct connection 
between antenna bases through a solid ground 
mat of small dimension*, or through the shield¬ 
ing of the croaa-connecting line was responsible 
for a very large part of the polarization error* 
observed. 

Therefore, a new system of connection was 
established, in which the lines approach each 
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pair of monopolea at an angle of 90° from the 
position of the cross-connecting lines employed 
in the old designs. 

If, now, the two parallel lines leaving one 
antenna pair are prolonged to infinity, no 
parasitic induction will take plnce at the nuil 
point for any polarization of the aky wave. 

However, a practical length of these lines 
before cross connection has been found to be 
twice the spacing between monopolea. There¬ 
fore, the lines and cross connections have the 
shape of a U lying oil the ground. 

Study also ahowed that; 

1. Independent ground mats of a radiua of 
about 20 to 30 per cent of the height of the 
monopole are the moat satisfactory. The uae of 
a solid ground mat of small dimensions im¬ 
mediately jeopardizes the quality obtained with 
Ihe U connections, 

2. The connection of the monopolea as ex¬ 
plained above, with cables lying on the ground, 
give* much better results than direct cross con¬ 
nections even though the latter are buried J2 ft 
in the ground. 

The monopoly are coupled to the high-fre¬ 
quency lines through coupling units made of a 
cathode-follower phase-inverter circuit. In this 
manner: 

1. Only one tube is used to transform the un¬ 
balanced input into a balanced output. 

2. The circuit efficiently transfers energy 
from the antenna to the low-impedance line, for 
any value of the antenm impedance through¬ 
out the rather large band required. 

3. The same coupling unit is used for fre¬ 
quencies from 1 to 30 me. 

4. There in a los« in the voltage tranafer 
from antenna to line of about 50 per cent, but 
a gain of power tranafer of over 20 db. This la 
in excess of an ideal transformer. 

5. Tube noiae Is negligible due to the de¬ 
generation present. In this respect the circuit 
works like a transformer, the fluctuation noiae 
still being originated in the first circuit and 
tube of the receiver. 

6. Any length of high-frequency line can be 
uted due to proper impedsnee matching at the 
tranamittlng end. 

7. Due to the amount of degeneration and the 
absence of voltage gain, the tranafer is quite 
stable and the d-f operation can be performed 


in spite of supply voltage variations aa great as 
15 per cent. 

Aa a whole, this rew means of coupling the 
antenna to the lines, jointly with the new sys¬ 
tem of U cross connection between antennas, 
represent* a complete redesigning of the old 
Adcock antenna. 

The use of a remotely rotate ! goniometer 
requires the uae of only one high-frequency line 
between the goniometer and the trailer con¬ 
taining the equipment with consequent reduc¬ 
tion in the problem of balancing the electrical 
lengths of the cables. 


* - '' 4 Sense Circuit 

Determination of sense has always been a 
delicate feature of the old Adcock systems, espe¬ 
cially when the frequency band was large. Am¬ 
plitude a..o phase adjustments were needed, 
and the results were doubtful and required too 
much time. A new sense circuit has been de¬ 
veloped which does not require an extra ampli¬ 
fier, tuned circuit, or phase and amplitude ad¬ 
justment In this new circuit the sense mono¬ 
pole antenna ia connected to cathode followers 
each of which is connected through a trans¬ 
mission line to a common dummy goniometer. 
The secondary of thia goniometer is coupled to 
the secondary of the normal gnniometer 
through a sense relay. The dummy goniometer 
is electrically equivalent to the rotating 
goniometer. Ita purpose is to introduce within 
the frequency band a phase shift exactly equal 
to the phase shift Introduced by the norm '.! 
goniometer. The two transmission lines are of 
different lengths; the difference being elec¬ 
trically juat equal to the spacing between the 
two monopolea of one directive antenna pair. 

The result la that the phase of the sense an¬ 
tenna signal ia shifted by exactly 90° through 
practically all the frequency band that the di¬ 
rective monopoles can cover. Moreover, the 
amplitude of the signal from the sense antenna 
la automatically equal to the amplitude of the 
directive aigrnl for sll directions and fre¬ 
quencies without adjustment. Thia sense circuit 
avoids any sense-circuit modification of a stand¬ 
ard commercial receiver in ita uae in the d-f 
system. 
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Stand-by reception in provided by cutting off 
the plate voltage of the coupling unit* of the 
four directive monopoles, leaving the sense 
monopole operating alone, 


The cable layout and the area covered by a 
two-wave d-f system of this type are shown in 
Figure 2, Other arrangements of the two an¬ 
tenna system* may be employed provided that 



The goniometer* are of low impedance and 
without shielding between primary and sec¬ 
ondary. They are connected to the receiver 
without slip rings, through a rotating coupling 
transformer. 


a minimum distance of 60 yards exist* between 
them. To make the antenna installation easy, 
s small compass and transit on a tripod are 
furnished, together with chain* of fixed length 
to determine the spacing between monopoles. 
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A relay in the coupling unit shorts the an¬ 
tenna to ground In absence of plate current so 
that any parasitic reception coming from this 
antenna ia avoided, thus permitting a quick 
check'up of the individual antennas, high-fre¬ 
quency cable*, etc. 

The ground mat* (Figure 3) are made of 
flexible copper screening material. The dimen¬ 
sion* are fairly critical. 

The high-frequency line* are flexible solid 
dielectric in type, balanced, shielded and 
vinylite covered, made up of two coaxial eablea 
of about 60 ohm* impedance. They can be 
operated in all conditions of humidity or under 
water. 

Cunioinetrr Drive Units 
The goniometers (two of which are required 
for a two-wave collector system) are remote 
from the antennas and are contained In * 
goniometer drive unit which also comprises a 
synchronous motor with synchronization con¬ 
tacts and a junction box for connecting the ar¬ 
ray to the operating equipment. The relay for 
connecting the senae antenna line to the pri¬ 
mary of the goniometer output transformer la 
also placed In the goniometer drive unit. 

Synchronisation System 
The aynchronous motor rotating the gonio¬ 
meter can take four different positions with 
respect to the aynchronoua motor rotating the 



indicator coils around the CRO tube in the 
trailer. To avoid a possible ambiguity of 90° 
an automatic synchronization scheme was de¬ 
veloped (see Figure 4). Since the liability of 
position of the two motors when they sre run¬ 


ning Is better than 1", the purpose of the syn¬ 
chronizing circuit is only to place the two 
rotor* in the same position without any am¬ 
biguity. 

To provide for thia reault, rotating contacts 
hive been placed on the indicator shaft and on 
the goniometer motor shaft. The contactors 
sre wired in series with one end grounded. The 
otner end of this circuit is connected to the 
input grid of a two-tube amplifier. This grid 
in ordinarily biased to cutoff. The contacts are 
so adjusted that the Indicator contactor ia 
closed for about 270° of the rotation and the 
goniometer contacts clone for about 30° of 
rotation while the Indicator contact* are open. 
In normal synchronized operation the two con¬ 
tactors never close at the same time and thu* 
the input grid of the amplifier is biased to cut¬ 
off. Under thia condition, grid and cathode 
of the second of the amplifier tube* are at the 
same potential and current flow* through thia 
tub--. Plate current flowing through a ru>.*tor 
produces a voltage drop which ia applied to a 
thyratron as a negative bias preventing thia 
tube from firing. 

If, however, the two motors are out of syn¬ 
chronism, there will be s period during the 
rotation cycle in which the two contactors close 
together, grounding the grid of the first ampli¬ 
fier permitting It to draw current. Each time 
tho contactor* close, a pulse of voltage appear* 
across the plate load reaiator and la applied to 
an RC circuit. After several pulse* the poten¬ 
tial across the capscltor of the RC circuit 
reachea the flashing voltage of a neon lamp. 
Current from the lamp through a resistor puts 
s negstive voltage on the grid of the second 
amplifier tube, cutting off its plate current and 
removing the cutoff bias from the thyratron. 
When the thyratron Area, it open* the power 
circuit to the goniometer drive motor allowing 
the motor to alip one pole but stay at syn¬ 
chronous speed. A potentiometer control* the 
time during which the motor power Is inter 
rupted. 

These synchronizing cycle* will continue 
until the motors pull Into step, usually a matter 
of from 1 to 3 seconds. 

The synchronizing unit also contains s multi- 
pole switch which select* the proper circuits for 
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operation from either the low- or high-fre¬ 
quency array. It switched phise Inverter 
power, goniometer drive, and cense relay cir¬ 
cuit*, contactor synchronizing pulses and re¬ 
ceiver r-f input. 


».«■» Local Indicator 

The local Indicator consist* of ths following 
component*. 

1. A synchronous 1,800-rpm motor operating 
from the 00-cycle 110-volt supply. The motor 
shaft ia provided with the synchronizing contact 
operation described. 

2. A set of magnetic deflection coil* mounted 
in a rotating housing which Is also dri 'en by 
ths motor. Provision Is made for sdjustlng the 
instantaneous angular position of the deflection 
coil* with respect to the motor armature. 

5. A 6-In. CRO tube of the electro*tatic de¬ 
flection type which i* positioned inalde the 
rotating deflection coil* and their housing and 
whoae bean* i* therefore deflected by the mag' 
netic deflection coiia. 

4. An optical system which consists of an 
illuminated acaie and a miiror *o positioned 
that the reflection of the scale appear, to coin¬ 
cide with the pattern obtained on the cathode- 
ray oscllloecope. 

6. A control box containing circuits and con¬ 
trol* for positioning the Image on the cathode- 
ray tube screen and obtaining good focus and 
correct intensity for easy operation. 

6. Housings and biacketa for maintaining 
the mechanical, optical, and electrical parts of 
the Indicator In correct alignment for accurate 
operation. 


sinusoidal voltages in phase quadrature gener¬ 
ated by a local 30-cyde oscillator the phaae of 
which ia synchronized with the goniometer 
rotation by mean* of synchronizing pulses. 
These synchronizing pulafet are taken from a 
rotating contact on the goniometer shaft. 

When a signal I* being received, the CRO 
spot is deviated towaed the center of the screen 
by a reduction in amplitude of the 30-cycle 
voltags. This reduction Is accomplished by 
plate modulation of the tubes which amplify 
the 30-cycle voltage. The current which causes 
the plate modulation of the amplifying tubes is 
obtained from the rectified signal voltage in the 
receiver. 

The phase shift of the indicator pattern for 
purpose of bense determination i* obtained by 
a 90° phase shift of the synchronizing pulse 
from the goniometer shaft. 

When the remote indicator ia uaed at a dis¬ 
tance from the radio receiver, the rectified 
algoal can be transmitted over a atandard tele¬ 
phone line into u d-c amplifier of sufficient gain 
to compensate the attenuation in the line. 

In the remote Indicator assembly are the 
following circuits: 

1. SynchronlzIng-time phase shifter. This 
shifts the phase of the 30-cyde voltage to route 
the position of the arrow on the cathode-ray 
screen. 

2. Oscillator. This i* the initial source of 
the emf for the circular trace. A modified 
transitron oscillator i* employed with output 
taken from the plate circuit This form of 
oscillator Is particularly adapted to pulse syn¬ 
chronization over a fairly wide frequency band 
with the particular virtue that changes In 
speed of the goniometer will not cause low of 


».«•• Remote Indicator 

The remote Indicator.* an entirely electron¬ 
ically operated unit, displays the same pattern 
as the local <AS> indicator, and is used in 
conjunction with the same receiver and goni¬ 
ometer, but doe* not use any moving parts. It 
Is therefore particularly well adapted for use 
as a remote Indicator. 

The circular trace of the CRO spot is ob¬ 
tained by applying to the deflection plates two 


synchronism. 

8. Smoothing amplifiers. Since the oscillator 
wave form is not sinusoidal, a conventional 
resistance-capacitance low-pass Alter In con. 
junction with an amplifier is necessary to ob¬ 
tain a pure sine wave of sufficient amplitude. 

4. Phase splitter. To obtain the circular 
trace, two 30-cycle voltages in phaae quadrature 
must be available. Accordingly, a phase splitter 
with semivariabie control is incorporated in 
the circuit design. 

5. Dual push-pull modulated amplifiers. To 
avoid trapezoidal distortion on the cathode-ray 


> Not topplied with SCR-602. 
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tube it is necessary to operate with belanced 
input to the deflection pistes. To svoid tran¬ 
sients after modulation over a frequency range 
of 0 to 10 kc. a push-pull d-c amplifier is em¬ 
ployed. 

6. Modulator. Two tubes in parallel, a low- 
mu triode and a lush-mu pentode, are used to 
Kive a” srro'.v pattern which Is sharply pointed 
at the circumference of the circle. 

7. Second anode modulator. Because the de¬ 
flection plates change in potential about 450 
volts, and the focus of the cathode-ray tube is 
dependent upon the difference In the voltage 
between second snodt and deflection platea. the 
second anode voltage ia modulated propor¬ 
tionately with the deflection plate voltage. 

8. Audio amplifier. A conventional single- 
stage amplifier is included so that when the in¬ 
dicator is used as a remote indicator, the 
operator may hear the radio signal the bearing 
of which is being indicated. 

9. Two conventianal power supples are used. 
Voltage regulation is used in the power supply 
for the vacuum tube plates but no regulation ia 
employed on the CRO power supply. 

Accuracy of the type E indicator is depen¬ 
dent upon purity of wave form in the 30-cycle 
circuits, freedom from distortion in the modu¬ 
lation end amplifying circuits, and balance in 
the push-pull circuits. An accuracy of ±3.5° 
was obtained in the laboratory model. 

“ CHOICE OF THE SITE FOH 
DIRECTION FINDING 

Considerable experience was gained during 
this and oth'ir d-f projects on the matter of 
proper choice of sites for d-f operations. The 
gist of this experienc follows. 

The choice of the ute is not necessarily the 
point which would be closest to the transmit¬ 
ter. In fact, long-distsnce bearings are more 
accurate than bearings taken at the skip dis¬ 
tance. The following simple rulea will h e found 
uaeful in picking a d-f site: 

J. Soil. 

a. Must be flat (not more than 1 ft change 
in elevation in 50 yd). 

b. Must be as homogeneous as possible, 
capable of supporting grass or plants 
most of the year, and as wet as possible. 


Outcroppings of rocks, or large boulders 
at less than 6 ft from the surface, are 
undesirable. 

c. A flat prairie, or a cultivated field or 
pasture is perfectly suitable. 

d. Rocky seashores, rock Islands, or rocky 
hills are unsuitable. 

e. A flat ares behind a beach is suitable if 
the beach ridge mceta the following 
specifications. 

2. Obstacles around the direction finder. 

a. From the antenna site the angle between 
the top of any obstacles and horizon 
must not exceed 2°. (Obstacles are 
mountains, hills, trees, houses which 
mask the view of the horizon.) 

b. An obstacle of 2° cannot be tolerated 
closer than 200 yd for many antennas. 

c. Long-distance obstacles like mountains 
can be tolerated if they subtend 5° or 
less at 5 miles, but it must not be forgot¬ 
ten that they will act as a perfect 
screen for direct-ray short-wave recep¬ 
tion from a transmitter located on the 
other side of the obstacle. 

d. These obstacles may also affect the in¬ 
tensity and direction of low-angle (10°) 
sky waves coming from long-distance 
transmit ten. 

e. Such obetacles will not generally affect 
the reception of sky waves making an 
angle of 26° or more with respect to 
ground and coming from medium-dis¬ 
tant transmitters. 

3. Power and telephone lines. All incoming 
lines should be laid on the ground and leave 
the trailer in auch a wsy that they are ss re¬ 
mote as possible from the wave collectors. No 
high-voltage power line can be tolerated at less 
man naif a mile. Such power lines supported 
by tall ateel towers should be st least 1 mile 
away. The same distance applies to s railroad 
or a trolley line. On one side of the installation 
one telephone and/or one low-voltage power 
line can be tolerated at distances greater than 
300 yd from the nearest antenna. 

4. Trees. Tall treea (40 to 50 ft) or forest 
growth must be farther than 300 yd. Small 
groups of trees not exceeding 20 ft in height 
can be tolerated if farther than 30 yd from the 
nearest antenna. 


CONFIDENTIAL 



144 


DEVOCNTASLE SHORT-WAVE DIRECTION FIND ER 


(.ALIRItATIOM 

In calibrating the direction finder it Is im¬ 
portant to operate the target transmitter at a 
sufficient distance from the collector antenna ao 
the effects of supply and h-f cable* are com¬ 
pletely avoided. If the calibration made at 
too short a distance from the antenna array, 
errors are observed which are much larger and 
do not correspond at all to the error* observed 
with waves coming from distant transmitter*. 

Figure 5 shows a calibration made on 8 me. 
indicating that when the target transmitter u 



FiourK 5. Calibration curve of low-fraquoncy 


near or above the cable*, large error* are ex¬ 
perienced. In making thi* calibration the tar¬ 
get transmitter was 200 ft from the center of 
the array at each target position. 

To Investigate the deviation* as a function 
of the distance of target transmitter, the latter 
was moved In the direction shown in Figure 
6. The diagram on the same drawing Indicates 
for 8 and S.5 me how the error varied between 
75 ft and 600 ft from the array. 

Figure 7 allows a calibration made at 20 me 


on the h-f array with the target transmitter ou 
a 7fi-ft radiua. The maximum error observed 
ia 6° in the north direction and is still due to 
effects of obstacles around the direction finder. 

The Great River (Long Island) experimen¬ 
tal field where the calibration! were made 1> far 
from ideal for such studies with ita many an¬ 
tennas and underground cables 




These calibration teata show that, first, 
calibrations at relatively short distance*, where 
cable effect* are magnified by the lack of homo¬ 
geneity of the field of the target transmitter, 
have to be completely discarded; aecondly, 
calibrations made at a reasonable distance In¬ 
dicate a vary fair accuracy of the direction 
finder (small Instrumental error) but no con- 
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stancy in the results because these calibrations 
are not yet free from effect* of obstacles. 

Bearings taken on distant stations, 10 miles 
or farther, show much better accuracy than the 
best accuracy noted on the calibration curves 
shown. 



About 50 per cent of the bearings taken 
under any conditions were within 1° and 2 C 
accuracy and only a very amali percentage of 
bearings, less than 2 or 3 per cent, showed 
errors of more than 10'. These errors were 
attributed to prop* vat inn irrernlrjitiea or par 
ticularly bad interference effects. 

«* INTERPRETATION OF PATTERNS 
The patterns on the CRO can be read easily 
by an inexperienced operator. With some train¬ 
ing or skill, however, an operator can obtain 
much information through ths interpretation 
of the patterns which are superimposed upon a 
fixed scale graduated in degrees from 0 to 360. 
The equipment is installed and adjusted so 
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that the 0 3 or 360° point corresponda to a 
bearing of true north. 

In operation, a station is tuned in on the 
receiver and the gain is adjusted so that a read¬ 
able pattern Is secured. The preferable pattern 
is that composed of s double arrow (Figure 
8A), its points rifting or the scale and its 
central point In the exact center of the scale. 
Tne width of the pattern la not important 
except as this determines the aharpness of the 
points. Such a signal is usually obtained from 
a local transmitter having an unkeyed and un¬ 
modulated carrier and where reception is well 
above the noise lecel of the receiver. The bear¬ 
ing of such a transmitter la easily determined 
by reading the scale so a* to determine the 
exact point to which the arrow points. Through 
operation of the sense key, it is possible to de¬ 
termine which of the arrows to read. If the 
signal ir modulated, the point of the arrow is 
slightly broadened, but the bearing can be read 
to the same degree of accuracy. The same la 
not true for a signal which is so weak that it 
is iCiXi-ti with receiver noise. The operator ia 
able to determine whether or not the bearing 
ia reliable by observation of the pattern partic¬ 
ularly in regard to the following pointa: 

1. Are the arrows sharply pointed? If not, it 
is possible that the gain of the receiver is not 
properly adjusted or that the propagation char¬ 
acteristics between the transmitting and receiv¬ 
ing aerials are for that moment unfavorable 
to the detent ination of the bearing. 

2. Are the ,>oints of the arrows fixed? If the 
CRO pattern is shifting, the propagation char¬ 
acteristics are changing with time. This may 
be due to changing characteristics in the upper 
atmoaphere, or It may be due to reflections 
from ether sources or absorption in the path 
of the transmission. If the pattern is changing, 
it wlli usually be found that not only have the 
positions of the indicated bearings changed, but 
aiao the ahape of the arrows ia changed. It 
uaually happens that the arrows are broadened 
and also that the shape of the pattern is dis¬ 
torted from that desired. The oscilloscope gives 
the actual Instantaneous conditions and there¬ 
fore will indicate the quality of the wave prop¬ 
agation. If the arrow points are sharp and 
steady, the operator can always be sure that 
the correct bearing is indicated. 
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Fionas I. Typical patlarna llliutrallng different typca of Imagca aaeurad under different condition! 
of nolM «nd algnal. 


A. t cry rtrong algnal at 80* (or 270*) giving 
■hnrp arrow at indication!. By manipulation of 
tain control, arrow may ba widened or ahnrpcned 
but no chcnta of bcarlnt la cauacd by thli opera¬ 
tion. 

B. Good Itayad altnal ahauring rireU, amaliar 
than Kata circle, whan carrlar ia off air and food 
Indication whan carrlar la on, Clreia can be In- 
crvaaad In alia by deernaelng blaa on deflection 
amplifier. 

C. Sifnal weaker than A and B, but (till giving 
pood bearing Indication. Arrow point! are aharp 
although maximum algnal at center doee not cauaa 
trace to pull In toward center aa in A and B. 

D. Much week, r algnal in which gain control of 
receiver haa been turned up ao high that noite la 
ahown on pattern. Bearing ia (till readable to 
within ±3* and poaalbly higher, (Inca time ex¬ 
posure ceuaad blur of moving arrow polnta. 


E. Modulated elgnal. etrong and without noiae, 
but ahowing modulation anralope ail around out- 
■Ida of pattern. Bearing !■ not changed by thil 
modulation and la readable to accuracy of ±1*. 

F. Tima axpoauie of eery weak fading signal. Ex¬ 
cept for center, entire acreen ia covered by noiee 
pattern! but bearing la atill readable to -6'. Sig¬ 
nal la not changing In apparent direction; haa 
tittle ar no polariaatlon error. 

G. Tima expoeura when no aignai ia being received 
and with gain control turned to maximum. Al¬ 
though nolaa ippaara to have directional eher- 
acterietici, thle would not be vtelble and ie ahown 
hera by long time expoeure required. 

H. Appearance of two keyed iignale on tame fre¬ 
quency. The one at Ml to 270* la atrong and glvee 
good pattern. The one at 42 to 122* la weaker and 
ehowe nolaa anralope aa well aa alight movement. 


Because of tho type of indicator employed the 
operator ia able to take bearings on aignals of 
very ahort duration, or on signals which are 
rapidly changing at the point of reception. He 
it provided with a continuous accurate picture 
of the arrival of the waves and in a ahort time 


should be able to take very reliable bearing* 
under conditions which have hitherto made 
readings impossible. 

If a bearing Is shifting and also fading, it 
will usually be found that the nulla are more 
rounded at one indication than at others, It 
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will also probably lx- found that one indication 
is given with very good nulla. This Indication 
may last only a fraction of a second, but the 
operator should always remember that the 
sharpest nulls correspond to the most nearly 
correct bearinz. They always correspond also 
to the strongest reception during the fading 
cycle. Round nulls indicate that the bearing ia 
uncertain or in error. 


Seldom will no bearing be possible. Bearings 
will differ only in the degree of accuracy with 
which they can be read. The most common Im¬ 
possible bearings will be when the noise level is 
higher than the aignal. (Figure 8, F and G.> 

A number of patterns are shown in Figure 8 
to illustrate the different types of images which 
may be secured under different conditions of 
signal and noise. 


OONFIDKNTUL 



Chapter 10 

DIRECTION FINDING BY IMPROVISED MEANS 


A study* to determine If effective direction finding 
could be don* by the Armed Force* In w*r theaterz, 
uain* only a radio receiver with no special mtaaurinr 
miulpmcn. »nd only *u<-h antennas a* coold ea*lly be 
Improvised In the field. Mcthoda ualnt loop* and low 
horizontal wlrei were developed. A scheme uiint low 
hori*ont*l r*dl»l wire* each radial bavin* two wire* 
one above the other xave reiionably accurate location* 
for anylei up to about 80" with the horizontal. Tit* 
teat that follow* la condensed from the contractor'* 
final report. 1 

INTRODUCTION 

T wo GENERAL TYPE* of antennaa were tried, 
(1) simple loops and (2) various arrange¬ 
ments of low horizontal wires. Table 1 turn- 
marizea the results that may be obtained with 
six schemes briefly described In the table. 

The preliminary work indicate* that: (1) 
For atronir ground-wave signals, the loop 
scheme ii Indicated; (2) for weak ground- 
wave signals, a rough location may be obtained 
with a single wire at or near the ground, 
walked around a central radio receiver. A 
more accurate location may be obtained uaing 
eight radial wires at or near the ground, esch 
wire a wavelength or more in length; (8) for 
iky waves coming from distances of 150 miles 
or more, scheme (2) it suitable. For sky waves 
coming from distance* between about 50 and 
150 miles, a scheme Involving eight radiala, 
each having two wires, one above the other, is 
indicated; (4) the work on the loop schemes 
mignt well be extended to determine methods 
of locating stations sending sky waves from 
distances of 150 miles or more. At present, 
direction but not sense can be determined. 
Further work on the rcheme involving double- 
wire radials is indicated. A mathematical anal¬ 
ysis would be naeful to determine a further 
program of experiments which might lead to 
refinements and a more accurate determination 
of the precision of location. 

With the loop antenna, the teat procedure 
la to turn the loop for a minimum signal and 
then reverse the loop by 180° and again find a 
minimum signal. The best estimate as to ata 
tion direction is obtained by bisecting the angle 

* Project 13-101, Contract No. OEMar-1410, Western 
Electric Co. 


between the two minimum-signal position*. A 
special connection described below permits ob¬ 
taining the sense on ground-wave transmis- 
siona 

All schemes described require an a-m re¬ 
ceiver with a beat-frequency oscillator (for 
producing an audible tone from the carrier) 
and with the automatic volume control, if any, 
disabled. 

Fairly extensive testa were made of the sya- 
tem listed under Item 6 in Table 1 Part of the 
testa consisted of locating a mobile station, the 
direction of which was unknown to the teat 
crew. The distance of the mobile station 
ranged from 50 to 112 miles, The power into 
the transmitting antenna was only sbout 2 
watts at 4.8 me and 6.425 me. Five tests were 
made. The average error was about 8° and 
the maximum error was 22°, The received 
signal wa* entirely sky wave. The transmit¬ 
ting antenna consisted of a half-wave hori¬ 
zontal wire about 2 ft above the earth. 

■as EXPERIMENTAL WORK 

Loop Antenna 

Two-turn untuned loops, shown in Figure 1. 
were found to be satisfactory for direction 
finding on vertically polarized ground waves 
between 2 and 20 me. The 2-ft loop ia usable 
in the 2- to 10-mc range and the 1-ft loop in the 
5- to 20-me range. In the 5- to 10-mc range it 
was found to be more advantageous to use the 
smaller loop provided the received signal is 
sufficiently strong. 

At first one terminal of the loop war con¬ 
nected to the antenna post of the set and the 
other terminal was connected to the ground 
post of the set This was found unsatisfactory 
since there waa no aharply defined null when 
the loop waa placed broadside to the direction 
of the transmitting station. (Normally a loop 
is operated into a balanced circuit) However, 
if one terminal of the loop was connected to 

--The teat* were made In the daytime. It la believed 
that F-layer reflection* were Involved at both these frr- 
qiiennf*. See 1RPL-E1, iaeued September 1844, Figure 
13. and TM IMPS, page 45 (both obtainable from 
Office of the Chief Siirnal Officer), 
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the antenna post of the set and the midpoint Not only the direction of the station but the 
of the loop via connected to the ground poat tense alao may be obtained. The tense it ob- 
of the tet with the other terminal of the loop tained by placing the loop in the plane of 
open, there was a sufficiently defined null when maximum signal, a position at right angles to 
the loop was placed broadside to the direction the average of the null, and then touching with 
of the transmitting atation. The broadside null the finger or with a pair of pliers held In the 
for one orientation of the loop was within about hand the free terminal of the loop. With the 
10° of the null for the 180° loop reversal. The transmitting station In the direction shown in 
average of the nulls gave an Indicated direction Figure IB there will be an Increase in the 
within a maximum of about 6° of the true signal. If the transmitting station were in a 
direction from 2 to 20 me when the transmit- position 180° from that shown with the loop in 
ting station was about one-half mile away over the same position, then touching the free end 
level terrain. of the loop would reault In a reduction of the 


Taslv 1. Field of use of Improviaed direction- finding ichimn. 
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signal. Testa in the 2- to 7-mc range showed 
that touching the free end of the loop with a 
wire connected to a vertical antenna produces 
the same effect as the operator's Unger, but the 
helrht of ths vertical antenna must be adjusted 
for each frequency. i 

Three tests (at 3.4925, 4.7975, and 0.425 
me) were made when the transmitting station 
was within ground-wave range and in direc¬ 
tions unknown to the operator. The average 
bearing error on the«e three testa was about 
10°. 



FlOt'RK 1. Slda and perspective views of loops ei» 
ployed In 2- to IO-mc range. For 10. to 20-mc range, 
loop ahould be 1 ft square. 

In the case of ground wave with an ap¬ 
preciable horizontally polarized component, the 
loop In broadside position was found to give 
lower minimum signal when the free turn was 
on the aide toward the transmitter. 

The ioops. when operated in a vertical plane 
ns shown in Figure 1, could be used to And the 
direction but not the sense on signals arriving 
by efty wave from transmitters located at dis¬ 
tances exceeding 150 miles. The loop gave a 


tower minimum signal on sky wave when the 
free turn was on the side toward the transmit¬ 
ter. However, the results of a few testa made 
with the loop tilted off vertical and with the 
free turn on top Indicated that a single nuil 
could b( found which might give both the 
direction and distance of the transmitter. Time 
was not available to investigate completely this 
phase of the problem. 

A test was made on WWV at 5 me where 
the free end of the larger loop was connected 
to an eight-wire crowsfoot counterpoise, each 
toe being about 10 ft long. The radio re-eiver 
and aasociated power supply were not grounded 
other than through own capacitance to ground, 
but the connection of the loop to the receiver 
was through a short length of twisted pair In 
addition to the coaxiai cable. With the loop 
and WWV in the relative poaltions shown In 
Figure IB a pronounced nuli was found. When 
the opposite edge of the loop was pointed at 
WWV there was a maximum, No hroadside 
null existed; the typical rardiold pattern fa¬ 
miliar in the case of a loop combined with a 
vertical antenna was obtained. There was sbout 
10 db average difference between null and 
maximum. This scheme, with the same counter- 
poise, did not work on another station at a 
different frequency. These teats are mentioned 
to indicate that the Aeld has not yet been fully 
explored. 

When the loop was connected with its two 
outer terminals to the antenna post and ground 
post, respectively, of the receiver, no null of 
any aort was obtained on WWV r r on any other 
sky-wave signal. This was also true whsn the 
loop was connected to a balanced preampliAer, 
except that in the latter case London and San 
Francisco stations were found to produce some 
broadside null. 

There Is some evidence thst the special con¬ 
nection of the loop to the set, described sbove, 
tends to reduce its response to the horizontally 
polarized component of a wave, particularly in 
the caae when the free turn is on the side of the 
ioop toward the oncoming wave, 

For sense location the receiver must be 
placed at ground level, not inside s vehicle, 
with the loop directly over the set. To facilitate 
turning the loop any simple mechanical con¬ 
struction may be used, A simple method is to 
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nuspend the; loop by * string from a light scaf- 
fold directly over the receiver with lead-in 
consisting of a flexible coaxial cable extending 
vertically below it to the receiver. The height 
of the bottom of the loop above the ground 
should not be over about 3 ft. Army Navy type 
No. RG 8 U cable is satisfactory. Twisted pair 
(for example, W-110B) will not work weli for 
sense Indication but may be used for direction 
Indication up to about 7 me if coaxial cable is 
unavailable. 

Low Horizontal Wires 
L ow horizontal wires may !>e used as direc¬ 
tional antennas. When the length is %a or 
more, a stronger signal is received when the 
wave is traveling from the free end of the wire 
(front) toward the receiver than is received 
when the wave is traveling in the opposite 
direction (back) or from the side, The front- 
to-back ratio will amount to from 6 to 16 db 
for a wire one wavelength or more in length. 
For a given length of wire (>A) the front-to- 
back ratio is greater with higher attenuation. 
That Is. there is a greater front-to-back ratio 
with a wire on the ground than with one sup¬ 
ported at aome distance above the earth (not 
over three feet in connection with this work). 

The following rule may be used for deter¬ 
mining the physical length of one-wavrlrnoth 
wire; 

No. of feet = jr* 1 , 1 } i to 3 feet altovr ground. 
In the clear. 

No. of feet « y .on short grsss. 

A A/4 horizontal wire Is noi appreciably 
directional in itself, but becomes directional 
when supported in the air and associated with 
a vertical down-lead. That Is, a A/4 wire on 
the ground is not usefully directional as con¬ 
cerns front-to-back ratio, hut when raised 1 >/i 
to 3 ft in the air, with a vertical down-lead at 
the receiving end, it becomca directional. In 
this case, the stronger signal is received when 
the wave is traveling parallel to the wire from 
the receiver end of the wire toward the free 
end. A a 4 w ire supported up to 3 ft In the air 
gave poor discrimination in azimuth. 


A fixed one-wavelength wire did not give 
good results on horizontally polarized ground 
waves. 

Calculation snd test show that the H* wire 
has a larger front-to-back ratio than the a 
wire when the wave approaches the wire from 
a high vertical angle. However, it has a smaller 
fronMo-back ratio than :he a wire when the 
wave approaches at a low angle. The simple A 
wire gives s good front-to-back ratio on low- 
angle direction of the wave or on ground wave. 
This ratio is of the order of 6 db. A wire 
longer than A give* a still higher front-to-Nck 
ratio. The ratio is affected by attenuation, as 
noted above, and therefore is affected by 
ground constants as well as by wire height 
above ground. The Ha wire is poor in azi¬ 
muthal discrimination and therefore Is not rec¬ 
ommended for use. As discussed later, the 
A/4 wire Is useful aa a walked wire In ground- 
wave direction finding but is not successful 
when used in the fixed-wire radial scheme. The 
down-ii nd 1*/* ft to 3 ft high also has an effect 
on the front-to-back ratio of the Ha wire or 
A wire, but the effect may be ignored below 
about 8 to 10 me. 

Walked Wireb 

A one-wavelength wire may be used for di¬ 
rection finding on vertically polarized ground 
waves. The terrain requirements are satisfied 
. by an open field with short grass or weeds of 
fairly uniform height. The walked wire re¬ 
quires a steady signal, hence It is not useful 
when fading Is present. This limits its use to 
ground-wave signals. 

A full-waveiength wire cut for use on the 
ground is laid out over grass or weeds and the 
radio recei er is connected to one end of it. The 
unknown signal is tuned in, and the wire is 
walked around to a direction 90° from the first 
position. At this point the wire is again laid 
back on the ground and another observation la 
taken. By progressing 90° at a time, one di¬ 
rection or two directions at about 90° to each 
other will be found where the signal is fainter 
than in the other two directions. Further 
moves, making smaller anguiar adjustments in 
the general minimum direction, will disclose a 
position that gives the faintest signal. In this 
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position the outer end of the wire is pointing 
away from the “unknown" station. 

This scheme Is cumbersome st the lower fre¬ 
quencies because of the length of the wire, 
which becomes difficult to handle and takes a 
relatively long time to move through an ap¬ 
preciable angle, The scheme works best when 
a steady carrier is present. With short bursts 
of carrier, as on average push-to-talk phone 
operation, the system does not give good re¬ 
sults. With c-w or m-c-w telegraph, with 
steady sending, fair results can be obtained 
on ground waves. 

Quarter-Wavelength Wire. The raised a/4 
wire with ly* to 8 ft vertical down-lsad is less 
cumbersome than the full-wave wire. In this 
case the wire must be held in the air and as 
neariy parallel to the earth as possible while 
walking the outer end around. It is preferable 
to Insulate the wire from the walker’s hand. 
When minimum signal is received, then the 
outer end of the wire is pointing toward the un¬ 
known station. 

This scheme will work with either vertically 
or horizontally polarized ground waves. Where 
the wave Is horizontally polarized, two posi¬ 
tions giving low signals will be found; one 
with the wlrs pointing away from the station 
and one with the wire pointing toward the sta¬ 
tion. The one with the wire pointing toward 
the atatlon will be found to be the lowest. 

Fixed Multiple Antenna Sybtems 

The use of fixed multiple wires (four or 
eight), A or more in length, around a central 
receiver, in connection with a key which per¬ 
mits rapid switching from one wire to another, 
may be used for direction finding on ground 
waves or on sky waves. The wires may be laid 
on the ground or supported in ihe air up to a 
height of 3 ft. Above 10 me better results are 
obtained with wires on the ground, unless they 
ara longer than a. A length of 2a or more and 
a height of I Mi ft la satisfactory In the 10- to 
20-mc range. 

Experiment and calculation ahowed that 
where the aignai was due to sky waves arriving 
at the receiving site at an angle greater than 
about 70° abuva tho horizon, the system waa 
inclined to faii. Fortunately, a failure is re¬ 


vealed in the measurements; hence there is 
avoided the possibility of taking the "bad" mea¬ 
surements seriously. The failure is revealed 
by the following symptoms in the test results. 

1. The combination of opposite wires giving 
the greatest front-to-back ratio does not con¬ 
tain the wires which have on them the strongest 
signals. 

2. There may be no consistent front-to-back 
ratio. 

In an example of (1) the station was due 
north transmitting into a a/ 2 horizontal wire 
2 ft high. The greatest front-to-back ratio was 
SW-NE with SW greater than NE. E and W 
were greater than SW. and were about equal. 
As an exampls of (2), all wires were about 
equal or they changed back and forth during a 
fading cycle. At the receiving site nesr Flor- 
ham Park, N. J„ it was impossible to determine 
the direction o. Floyd Bennett Tower on Long 
Island at about 7 me by the above method. The 
airline distance Is about 40 miles. It was pos¬ 
sible to determine the direction of WWV in 
Washington, D. C„ at 6 me. The airline dis¬ 
tance is about 180 miles. Successful direction 
finding was also done by the above method from 
6 to about 15 me on Montreal, Halifax, Toron¬ 
to, London ian Francisco, and on Bound Brook 
and Wayne, N. J. The last two stations came 
in on ground wave. Successful direction finding 
was also done on the project transmitting sta¬ 
tion when it was about 160 miles distant and 
transmitting successively at 4.7976 me and 
6.426 me. 

The above method oiay employ either bare or 
insulated wires on the ground provided (1) 
there is no grass or weeds or (2) the grass or 
weeds are short and uniform where the wires 
are located. If there are weeda or undergrowth 
of nonuniform height, the wires should be 
supported in the air from 1 Vt to 3 ft high. 
All the wires in a given layout should be placed 
at the same height and sli should be of the 
same kind of wire. Test indicates difficulties 
above 10 to 16 me if the wires are raised above 
the earth. 

The receiving site should be level. A S-dcgree 
slope, however, will not give trouble. The an¬ 
tennas may be placed in a forest provided 
raised wires are used (l'/jj to 3 ft high) and 
growth Is cut away below the wires to heights 
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of not over 4 to 6 in. and laterally to a distance 
of at least 5 ft. Sites near overhead Hire line*, 
wire fences, other antennas or other metallic 
structures which will diitort the field pattern 
should be - voided. The character of the terrain 
under all the wires and the growth near them 
ihould be approximately the same. For exam¬ 
ple, it ia unwiae to put half the wires in the 
woods and the other half in the open. 

When Ualng this method on a fading signal, 
a phenomenon is present which results in a 
change of front-to-back ratio during the fading 
cycle. For example, when listening alternately 
on wire* having about equal aignal strength, 
such as the two wires that are nearly at right 
angle* to the direction of travel of the wave, 
first one wire ind then the other may have a 
stronger signal, It niay be necesaary to make 
the listening comparison for some time to de¬ 
termine which wire gives the stronger signal 
mott of thr timr, The front-to-back ratio on 
wlrea moat nearly pointing toward and away 
from the transmitter ia consistently in the ume 
direction, but may vary over a range of from 
1 to 10 db. This may be quite disconcerting to 
the operator at first, but it was found that 
practice in measurements leads to quickness in 
their Interpretation. This practice may be ob- 
tained by first testing on known stations. 

Double Wire s. When the angle of arrival of 
the tJty wave is greater than about 70° above 
the horizon, (beyond ground-wave range but 
less than 160 miles) experiment ahowed that 
some other scheme than those deacribed above 
wa* necesaary. It was found that if two wlrea, 
one above the other, were put out on each of 
the eight legs and a slightly different test pro¬ 
cedure were used, a great improvement waa 
obtained in *hort-dlstanc • sky-wave direction 
finding. In this arrangement each leg consisted 
of a A wire 1^ ft high and a A/2 wire 3 ft 
high directly above the first wire. In the fol¬ 
lowing discussion thr a wire will be called the 
low wire and the a/ 2 wire will be called the 
high wire, The receiver was rapidly connected 
In succession between two opposite low wire*. 
The associated high -wires were connected 
through snd connected to the ground post of 
the receiver which was also grounded to three 
ground rods connected In parallel. The other 
wire* of the syatem remained open and clear. 


Now when receiving a high-angle aignal which 
is moving in thi direction of the plane contain¬ 
ing the wires, the connection of the high wires 
as noted above inerraem the signal from the 
low wire pointing toward the atation in ques¬ 
tion and decrease* the signal from the low 
wire pointing away from the station. Thu* in 
caae which, without connection of the high 
wires, would give a front-to-back ratio of unity 
or less, the connection of the high wires gives 
a front-to-back ratio greater than unity, i.e„ 
the low wire pointing toward the station (free 
end toward atation) has more aignal than the 
low wire pointing away from the station, To 
facilitate quick change*, all wires were brought 
in to a breadboard having Fahnitock terminals 
and with the twitching key screwed to the 
board, The arrangement is illustrated in Fig¬ 
ure 2. 





Fiottt*; 2. Double-wire direction-finding scheme. 
A. side elevation of two opposite double-wire an¬ 
tennae; B perepeclire showing double-wire ar¬ 
rangement; C. switching arrangement with key and 
high wire shorl connected for cast-west compart- 
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With this arrangement it wu possible to 
"locate" i mobile station out to 20 mile*. There 
was then a blind ring out to about 60 miles, 
and from 60 mile* on out it was again possible 
to determine the direction of the mobile ata- 
tion. The extent of the blind ring would vary 
In different cases depending on frequency, 
earth constants and on the type of antenna 
uaed at the transmitter. The mobiie station in 
question uaed a low horiiontal A/2 antenna. 
Had the mobile station uaed a whip or other 
vertical antenna, the ground-wave range un¬ 
doubtedly would have been extended. 

The theory of this system has not yet been 
completely worked out. but successful use was 
made of It over a period of about two weeks. 

Five teats wore made where the mobile sta¬ 
tion went to locationa that were unknown to 
the measuring crew. The only stipulation ws» 
that the distance should be greater than 60 
mile*. Two frequencies were teated at each 
location, 4.7976 me and 6.426 me. The receiv¬ 
ing antennas were arranged to be quickly 
changed to the right lengths by means of in¬ 
sulators and jumpers. Both frequencies Indi¬ 
cated the same direction, excepting for the last 
test, where It turned out that the mobile trans¬ 
mitter was 60 miles distant. The frequency 
6.426 me gave indeterminate result* for this 
location. Table 2 shows the results. The power 
into the transmitting antennas was about 2 
watts. A Hsmmarlund radio receiver was 
used. 


Tails 2. Teats on double-wire aystan..* 


Measured bearing 
in drama 

JWO 
330 
M 6 
345-0 
3*0 



It Is usual to interpolate the bearing between 
the 45 ,J legs in 15° steps. However, in the case 
of the reading taken with the transmitter in 
Location 6, NW was thought to be just slightly 
stronger than NE and N wss stronger thsn 
either of these. Hence It was concluded thst 


the station was either due north or very slightly 
west of north. As can be seen in the table, it 
waa really 1 0 west of north. 

A numlwr of tests were made with the trans¬ 
mitter at 40 miles. This Is in the blind ring. 
In sbout half the cases tested it was possible 
to obtain a bearing on the transmitter, most 
of them *t 4.7976 me. However, in these cases 
the messured bearing uaually rame out too 
large by sbout one-half the angle between 
adjacent legs, i.e., 22.6°. 

In another set of tests the mobile transmitter 
was tent, as nearly aa possible, due west. On 
the outward trip teats were made st 20. 40, 80, 
120, and 200 miles. On the return trip teats 
were made st 160, HO, and 80 miles. Errors 
comparable In magnitude with those shown in 
Table 2 were obtained for all distances ex¬ 
cepting 40 miles. The resdings for the latter 
distance were ambiguous. 

On this aeries of tests a meter was used in 
the receiver output and it noted that for 
the 80-mile transmission, opening the high 
wire and clearing It from ground reversed the 
front-to-back rstio from a condition of west 
wire stronger than east wire by an average oi 
about 4 db. to east wire stronger than west by 
sbout 1 db. At 120 miles with the high wire 
open snd clear there was a 0-db (unity) front- 
to-back ratio, and with the high wire connected 
there was a front-to-back ratio of about 6 db 
with west stronger than east. At 200 miles 
with the high wire open and clear there was a 
2- or S-db front-io-back ratio In the right di¬ 
rection (west greater than east) and with the 
high wirs connected, the front-to-back ratio 
was about 8 db in the right direction. These 
comparisons were made at 4.7975 me. Obaer- 
vations on a broadcast station In Toronto, Can¬ 
ada (abou 600 miles), st 6+ me showed that 
there was no appreciable difference between 
front-to-back ratio with the high wire con¬ 
nected or disconnected. The shove results sug¬ 
gest that, after further checks of the phe¬ 
nomena, these comparisons might well be used 
as a criterion of the order of magnitude of the 
distance of the unknown station. 

The high wire and low wire were brought 
from the terminal stake of each of the antennas 
to the switching breadboard aa spaced trans¬ 
mission lines not over 6 ft long. The wire* in 
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e»ch transmission line were separated by about 
S in. Using twiated pair for lead-in was not 
tried. See Figure 2B. 

The above method permits direction finding 
on relatively weak signals and on signals which 
are very close in frequency to other unwanted 
signals. This la due to the selective action of 
the ear in being able to identify and concen¬ 
trate on a tone of a particular pitch in con¬ 
trast to tones of other pitches or in contrast to 
noise, A full-wave wire !•/* ft in the air 
delivers a stronger signal in the 2- to 8-mc 
range than a 15-ft whip when the wave is 
moving parallel to the wire from the outer end 
over average earth. 


,M general operating notes 

In the case Of any of the methods described 
above, a radio receiver outside of a vehicle 
must be used. The receiver must be placed at 
ground level for the a/ 4 wire. For sense loca¬ 
tion, In the ca*o of loop direction finding, the 
receiver must also be at ground level with the 
loop directly over the set. For use of any of 
the full-wave (or more) wire scheme# the re¬ 
ceiver may be mounted at table top level. The 
receiver and power supply it not grounded 
through other than its own capacitance to 
ground, excepting In the case of the double¬ 
wire scheme. In this case, the ground post of 
the set should be connected to a low-impedance 
driven ground located near the set This scheme 
will work without the driven grounds but it 
worked better with them, 

Power should be supplied by battery and 
vibropack, both located close to the receiver. 
A gasoline-driven generator with rubber- 
covered line on the ground from generator to 
receiver would probably result In intolerable 
noiae in the antennas. A hand-driven generator 
probably could be used provided a ahort length 
of line between gc' »rntor and receiver were 
employed. 


”* .SUPPLEMENTARY TESTS 

Tests were jnade using various other com¬ 
binations of single- and double-wire antennas, 


but in the time available no combinations were 
found that were more satisfactory than the 
ones described above. 

No testa were made above 20 me, In the 
range above 30 me it is likely that the best re¬ 
sults would be obtained by use of a reftector- 
director or other directional antenna. The 
method would not be applicable to f-m re¬ 
ceivers, on account of the limiter action and the 
lack of a beating oscillator, 

">* POSSIBLE REFINEMENTS 

The fixed-wire methods could be extended In 
a way that might afford a field of usefulness 
in other than forward area military direction 
finding. The refinements would require more 
apparatus for example meana to connect two 
antennas through aome goniometer coupling 
device to an oscilloscope for purposes of phase 
as well as magnitude comparisons. 

Modifications can be imagined that would 
permit rapid direction finding as in many of the 
existing commercial Adcock ayatems or spaced- 
loop systems. Such modifications, applied to the 
double-wire scheme with eight or more radlals, 
might have particular advantage* for high- 
angle sky-wave direction finding where the Ad¬ 
cock and apaced-loop systems run into difficul¬ 
ties. 

The use of the loop with free turns should 
also be investigated. It ia poasible that a single 
loop arranged In this way to suppress the hori¬ 
zontally polarized component might be uaed in 
place of two spaced loops. 


“ THEORETICAL DKVEIAiPME.NT 

The proportions of the antennas described in 
this report were determined by cut and try 
methods. The general theory of loops and long- 
wire antennaa was used as a qualitative guide. 
It appeared that this method of attacking the 
problem would be more efficient than propor¬ 
tioning the antenna structures on the basis of 
predetermined calculation formulas. The ex¬ 
perimental work has given cluea to the physical 
approximations which are justified and which 
are essential to obtaining reasonably compact 
calculation formulas. 
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A calculation formula h*» been worked cut that if the down-lead were not more than about 
for a simple ase. Thi* formula will be dla- of the length of the horizontal wire, the 
cussed together with the physical approxima- effect was unimportant. The theory could be 
tions leading up to it. Th< method of analysis extended to Include the effect of voltages in- 
could be extended to cover the more complicated troduced In the down-leads, 
cates. Figure 3 shows the calculation formula The experlmenta also indicated that it was 
for the case of two cotlinear horizontal wires satiafactory to aasume that each horizontal 
at or near the ground and free from ground wire was a ground-return transmission line 
at both enda. The open-circuit voltages to with uniformly distributed constant* and 100 
ground at the inner enda of the two wires were per cent reflection* at the open ends. Since the 
calculated. If the antenna terminal of a wires are near the ground, the transmission 
grounded radio-receiving set (which in itself line may be regarded aa having uniformly dis' 
does not pick up any voltage from the radio tributed resistance. This i* caused largely by 
field) is switched from one wire to the other, losses in the ground ; the radiation resistance 
the relative amplitude of the sounds heard at I* relatively unimportant. The magnitude of 
the output of the receiving set will be propor- the voltage induced per unit length In the 
tlonai to the relative mngnitudes of the open- horizontal wire may be assumed to be the same 
circuit voltages. Therefore, the magnitude of at all points of the wire. The coupling between 
the ratio of these two calculated voltage* gives the wire* forming different radial* may be 
the observed front-to-back ratio. It ia assumed, ignored. 

of course, that the radio aet doe* not have Aa noted in Figure 4, the front-to-back ratio 
automatic volume control. would be unity if the transmission line had no 

The radio set does, in itself pick up voitsge attenuation. If the attenuation is large, a very 
from the radio field if the do ’-lead is regard- simple expresalon for front-to-back ratio is 
ed as a part of the aet. Expot intents Indicated obtained. 

Tsai* t. Front-to-hack ratio for pair of collinesr wlraa at or rear the ground. 

(Propagation constant of wire ground circuit — y — • + id, 0 = 2-x/X, A='l», 

X, = wavelength for propagation in air.) 
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The formulas may be Used for calculating 
ground-wave front-to-bick ratios. In this case 
A F, tan T cos * 

where T the tilt angle of the ground wave. 
Since 

9 - 0 

0, 0, cot <•. 

Table 3 gives calculations of front-to-back 
ratios for various i*sumptions regarding atten¬ 
uation and length of the wires. The values of 
attenuation were chosen aa the result of previ¬ 
ous calculations and measurements on low hori¬ 
zontal wires, The attenuation per wavelength 
(of the wire ground circuit) is roughly constant 
(2:1 variation) over a range of about 2 to 10 
me, for heights from about 2 cm to about 1 
meter ana over a range of ground con¬ 
ductivities from about 0.00i to 0,01 mho pe 
meter. Values between 0.6 and 0.7 neper pe 
wavelength were chosen for calculation. Since 
these v.'.l'jes seem somewhat on the high side, 
s value of about one-half as much was also 
used to indicate the effect of reduced attenua¬ 
tion. 

The order of magnitude of the calculated 
ratios is the same as those measured except 
that the experiments have a reversed front-to- 
back ratio for */4 wires 3 ft above the ground. 
The experiments showed these to he due to 
voltages induced in the down-leads. Computa¬ 
tions of front-to-back ratios were first msde 
for zero azimuth angle, l.e., for collinear wires, 
one of which points at the transmitter. For 
such wires the ar gle * 0, For lengths of wire 

which gave a sizable front-to-back ratio, com¬ 
putations were also made for values of * from 
0" to 90'. These correspond to collinear radial 
wires not pointing at the tranamitter, It will 
be seen from Table 3 that the front-to-back 
ratio does not shrink to unity rapidly as ♦ In¬ 
creases from zoru, In one case the maximum 
front-to-back ratio is obtained on the pair of 
wires not pointing toward the transmitter. 
Such false indications were noted during the 
experiments when arrangements of wires not 
of the optimum length were used. Since che 
measurements of only front-to-back ratios do 
not give a sensitive indication of the direction 
of the transmitter, it is necessary to compare 


open-circuit voltages at the inner ends of the 
wires which are not in line, 

Taking as a reference a wire pointing to¬ 
ward the transmitter and for which 4 0 and 

considering other wires of angular displace¬ 
ment + an inspection of the formulas shows 
that the magnitude of the open-circuit voltage 
for any wire is approximately proportional to: 

/a ■*" "“ l ”' r***- 

In the above expression, <1 is neglected in the 
terms having 0 in the denominator, i.e„ 0 is sub¬ 
stituted for u + j0, Since 0, 0„ coa a coa 9 It 

is a function of *. A is also a function of *. 

For ground waves A is proportions! to cos a. 
For high-angle aky waves If 70° to 90°), 
the reflection coefficients r, and r* sre about 
equal in phase and magnitude. Asauming them 
alike and assuming F, and F, have the aame 
rms val’-s for a time interval of a few aeconds 
but are related at random as to instantaneous 
magnitude, A ia proportional to 

V Hill 1 9 cue* > + siu 1 9. 

For low-angle aky waves, the resultant elec¬ 
tric force due to arriving and reflected waves is 
greater for vertical polarization than for hori¬ 
zontal polarization, that is, 

is greater than 

A -11 r„- 

For 6 me, ground conductivity of 0.008 mho 
per meter and ground dielectric constant of 10, 
the following values of ,i’| and h result if the 
wires are 3 ft above ground: 

9 r. r t 

10* 0 3/ 100* 0 WS/V_ 

SO - 0 «.'!«“ 0.79/us 

>»• 0 725/12 5* 

For angles where h is appreciably less than 

f the coefficient A ia proportional to: 

Vi r^sm 1 8 cun 1 9 + 1 ft*! sill’ 9. 
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I'sing these Assumptions and approxima¬ 
tions. the ratio of the voltage on a reference 
wire pointing toward the transmitter to the 
voltage on a wire of angular displacement *<* 
may be computed. Results of computations for 
:l pA and a (wire-ground speed) 8 ft above the 
earth are given in Figure 4. A frequency of 6 
me and valuea of elevation angle « of 10' , 60 . 
and 80' were used, « was taken as 0.014 neper 
per meter (0.64 neper per wavelength). 

It will be seen that 1,4 jA wires which give 
relatively large front-to-b*ck ratios for high- 
anglr aky wave# give poor azimuthal discrimi¬ 
nation. It will also be seen that A wires have 
good azimuthal directivity for low-or medium- 
angle sky waves. 
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Chapter j 1 


PORTABLE RADIO ASSAULT BEACON 


Drvelopm«nt of * radio beacon to guide an infantry' 
man lo an objwuvt for a distance of 2.500 yd wilh an 
accuracy of *.V uain^ equipment already available. 
Choice of antenna ayalema. modulation method*. fra. 
fluency, solution of key-click Iroublee are daacrlbad. 
The greater part of the contractor^ final report' on 
Ihia projecl In conUined in Ihia aumn ary. the chief 
delelionn being 1 demrlptiona of Army raquiremenln. 
changed In requi,.merit* and in daacriulion of method* 
of aligning anlennaa in the field. 

"' muontcrioN 

A t the beoinninc, of this project* portable 
. radio assault beacons were in use by the 
British for tile guidance of tanks, the assemb¬ 
lage of paratroopers, etc. The British beacon 
used two Beverage antennas at righ: angle*. 
Each antenna was several hundred feet long 
and was stretched along the ground, usually 
supported a few inches nbove the ground. 

In this country, aome attempt was made to 
use a croased-loop antenna system as a beacon 
for guiding troops to pill boxes, snd other tar¬ 
gets through fog, smoke, jungle, or at night. 
The crossed loops, however, gave resulta which 
were Inferior to the British system. This proj¬ 
ect studied the performance of the British 
beacon under various conditions of terrain, 
weather, antenna length, frequency, obstruc¬ 
tions, size of antenna wire, angle between the 
antennas, height of the wires above earth, in¬ 
equality of antenna currents, and the polarisa¬ 
tion error under various conditions. 

Existing Army radio transmitters and re¬ 
ceivers were incorporated into a beacon similar 
to that of the British but provided with means 
for steering the defined course over an arc of 15 
or 20“ to obviate the necessity of laying out the 
long antennas very accurately. 

The original requirements that the course ac¬ 
curacy be 2-Vj were manifestly impossible of 
attainment because avevage site errors in d-f 
systems are greater than this figure. The re- 

■ Project 18.11001 Contract No. OEM*.-I2«l, Ray. 
mond M. Wilmol le. 
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qulrement was modified to be ±r3“. Original 
instructiona that the equipment waa to be the 
beat possible was also changed tu a request 
that every effort be made to utilize equipment 
already available in the field and to make as 
few changes in this equipment as possible. 

These requirements limited the field of study 
considerably and finally the development was 
centered around the use of the SCR-536 re¬ 
ceiver and SCR-284 transmitter. 

I,,M Selection of Type uf Beacon 

Six types of beacons were considered. 

1. Crossed loops set at 46° to the required 
direction. 

2. Crossed loops set at 0° and 90“ to the re¬ 
quired direction. 

3. Crossed Adcock antennas. 

4. Spaced antennas. 

5. British type using Beverage antenna, 

*• Modified British type using Beverage an¬ 
tenna. 

The d f systems most commonly used are the 
crossed coil and the Adcock system. They have 
been used very successfully for aircraft naviga¬ 
tion. Because of portability requirements, it is 
clear that the Adcock type of antenna could 
only be used at very high frequencies. Because 
of site errors the use of vsry high frequencies 
was discarded. No work, therefore, waa carried 
out with Adcock antennas. Work with crossed 
loops waa successful but the reauits proved to 
be less satisfactory than with the British and 
modified British systems described below. 

"•* LOOP ORIENTATION TO 

ELIMINATE KEY CLICKS 

It waa soon found that one of the major 
difficulties was the elimination of key clicks 
which were likely to be so strong as to seriously 
reduce the sensitivity of operation. It waa sug¬ 
gested that the crossed loops be located at 0 C 
and 90° with respect to the desired direction 
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instead of at 45° ingle* with the direction in 
the center. The current in the 90° ioop would 
have it* current reveraed in direction to 
produce the twitching of the antenna pattern. 
The current in the 0° loop would remain 
constant so that the signal strength of the 
ilgnal along the desired direction would not 
change during the switching period. Thia meth¬ 
od was found successful, 

“■» BRITISH AND MODIFIED 
BRITISH SYSTEMS 

The two systems which seemed to give the 
most promise were the British system and a 
modification of it. The British system consists 
of two Beverage antennas set at 45° to the 
required direction. The antennas are stretched 
a few inches above the grou.id and act In a 
manner very similar to the ordinary crossed- 
coil system. Like the crossed-coil system, the 
British beacon suffers from troubles due to 
key clicks. That problem wag not solved for a 
considerable time, however. Eventually a relay 
was developed which reduced the key clicks to 
such low intensity that the British system was 
found to be accurate and sensitive. 

The modified British system was an attempt 
to eliminate the key clicks in a manner aimllar 
to that in which they are eliminated in the 
crossed-loop system, i.e., by locating the ground 
antenna at 90' to the required direction and 
by use of a vertical antenna. This system was 
found successful and from an operating point 
of view was almost identical In sensitivity to 
the British system but In certain respects of 
installation was somewhat more complicated, 

SELECTION OF MODULATION 

A» regards modulation the British reported 
a hahd-operated system in which an operator 
switches from one antenna to the other and 
simultaneously speaks into a microphone saying 
‘■left," "right," etc., as he switches. The listener 
then judges the relative intensity of the words 
“left" and '‘right" and goes to the left or right 
accordingly until the intensity of the two words 
■ppeirs approximately equal. Some British 
reports have indicated remarkable accuracy 
with this system of modulation. Experiments 
under this project, however, did not show the 


degree of accuracy claimed in those reports 
for norma] operating conditions. Other forms 
of modulation systems such as the dot and dash 
systems were tried but were not found to be 
as accurate or as sensitive as the results ob¬ 
tained with the standard A and N system used 
on aircraft radio ranges. 

The modulation can be carried out In one of 
two ways, When the listener it sway from the 
required direction he must hear a difference in 
intensity between the signals as the transmit¬ 
ting antenna is sw| ehed. This difference in 
intensity may >>e obtained either by a change in 
intensity of the radio frequency or a change in 
the percentage modulation, In practice it would 
be preferahle to change the intensity of modu¬ 
lation because in that case the automatic vol¬ 
ume control [AVC] of the receiver could be 
used to its full extent without decreasing the 
sensitivity. When the r-f intensity is changed, 
however, it is essential that the AVC be elimi¬ 
nated, or that toe time of the dots and dashes 
be short compared with the time constant of 
the a-v-c circuit, or that the intensity of the 
signal be sufficiently weak so that the AVC 
does not operate, or operates only partially. 

Since It was eventually decided to try to 
develop a system Using equipment available in 
the field without making any internal modifica¬ 
tions, It was clearly not possible to use the sys¬ 
tem in which the percentage modulation was 
changed. The system eventually developed was 
hased on the compromise of using s signal 
which was sufficiently weak so that the AVC 
of the receiver is only partially operative, 
thereby permitting the detection of changes in 
signal intensity. One method of detecting small 
changes in moduia*ion was discussed but even¬ 
tually discarded because it would have required 
careful operation by the infantryman. Thia 
method consisted in using a limiter in the re¬ 
ceiver, such as is available in f-m receivers, and 
adjusting the level of the signal at the limiter 
so that small changes of signal intensity 
produced a large change in receiver output. 

SELECTION OK EREQl E\CY 
AND POLARIZATION 

The original requirement of an nccuracy of 
r*: Vi waa greater than the accuracy normally 
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obtained with direction finding. Since it w»n 
alio clear that any known beacon system would 
suffer from errora similar to d-f errors. It Bp' 
pea red that even though an accuracy of ± VST 
might be obtained the absolute direction would 
probably not be known with an accuracy of 
better than - 2’ for most conditions, and 
under same condition!, a considerably greater 
error might be obtained, A few tests Indicated 
that it was probable that a system could tie 
developed which v*auW give a high degree of 
senaitivity. Therefure, It became «oparent that 
for practical purposes, It waa essential to keep 
site errors to a minimum. Originally it had 
lieen suggested that frequencies between 40 and 
48 me be used, This suggestion was based 
largely on experience with radio ranges at air¬ 
ports and because at those frequencies It might 
lie possible to use spaced antennas thereby 
providing greater sensitivity than would be 
possible with the comparatively blunt type of 
directional pattern that a loop or Adcock an¬ 
tenna provides. Conditions In the field, how¬ 
ever, were found to be substantially different 
from the conditions found at airports. It was 
also decided that the vast amount of informa¬ 
tion available on d-f errors should be used in 
deciding which group of frequencies would 
reduce the site errors to a minimum or at least 
to practical values. Dr. Smith-Rose indicated 
from his experience, which also checked with 
the experience of the contractor, that the very 
high frequencies would produce greater errors 
than lower frequencies. He suggested using 
frequencies around 300 kc and lower, and that 
if such frequencies could be used it waa proba¬ 
ble that site errors as low as 1° might be ob¬ 
tained. However, no equipment was available 
In the field for these low frequencies and the 
sire of equipment for these frequencies was 
likely to be excessive if reasonable efficiency 
was to be obtained. Moreover, the Army In¬ 
dicated that these low frequencies might not be 
available for this use In the field. Smith-Rose 
pointed out that the errors increased with in¬ 
crease in frequency and reached a minor maxi¬ 
mum between 9 and 10 me for the reason 
that at those frequencies an average tree is 
approximately A 4 long and by its resonance 
causes comparatively large errors. He indi¬ 
cated that errors of the order of 2- could be 


expected in this range and suggested the use of 
frequencies around 15 me with an expectation 
of reducing the average site error by about t-a 
The frequency eventually selected was 5 me be¬ 
cause equipment waa available in the field at 
those frequencies. 

Originally NDRC indicated an interest in 
studying the difference in operation between 
horizontally and vertically polarized waves. The 
selection of a frequency of 6 me eliminated the 
use of horizontally polarized waves, for within 
a few hundred feet of a horizontally polarized 
antenna most of the horizontally polarized 
waves seem to be eliminated and only the re¬ 
maining vertically polarized portion ia received, 
The suggestion had been made because It was 
believed that the horizontally polarized waves 
would be able to travel firther through wooded 
territory and produce leas error than the 
vertically polarized waves, since trees are main¬ 
ly vertical. No work was carried out on this 
angle of the project because of the decision to 
use a frequency in the h-f band instead of the 
v-h-f band, and because it was believed im¬ 
practical for an infantryman to carry a non- 
directional horizontally polarized antenna. 

"* KM’KRIMKNT \L RKSl'I.TS 


CROSSEO-LOOI' Beacon 

The crosaed-loop system is shown in Figure 
I. The loop at right angles to the course is con- 



this loop in accordance with an A anij N. It 
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I was hoped thst by performing the twitching 
in that loop which has a null in the direction 
of the course, the occurrence of key clicks on 
course would be prevented. To avoid detuning 

( the other loop whenever the keyed loop was dis¬ 
connected in the process of switching, It was 
necessary to resonate separately each loup. If 
the two loops were tuned by a aingle capacitor, 
the unkeyed loop was detuned to such an extent 
when the keyed loop was disconnected during 
the keying process that the keying was fully re- 
iroduced In this loop. The Anal circuit shown 
in Figure 1 was more complicated than the 
Britiah system and the tuning procedure re¬ 
quired considerable care. 

The field strength obtained with a loop 
2 ft square was about <; that of the British 
beacon and averaged about 12 at 1miles. 
The width of the course was -*-2 r for a 1-db 
difference between the A and N signals. Ex¬ 



perience with loop antennas amply indicated 

that no appreciable improvement could be ob¬ 

tained by increasing the size of the loops and 
it was also felt that larger loops would be un¬ 

desirable from the standpoint of portability. 
Because of the low field strength, the greater 


lot 


course width and the greater difficulty of 
tuning this system, the crossed loop* were 
abandoned. It la possible that the crosaed-loop 
beacon would give satisfactory results at fre¬ 
quencies of the order of 40 to 48 me and also 
near 20 me. 

The BttiTtSK TtPE of Beacon 


IUW'if* » ith "Left-Right” Modulation 
Using antennas 220 ft long, tests were made 

on the width of the course as detected by a non' 

technical person who had been given some 

training in listening to the signals. A Navy 

RBZ receiver was used. The frequency used 

was 5.8 me. 



The transmitter used was the SCR-284 which 
ha; a maximum output power of 6 watts. The 
antenna was connected as shown in Figure 2 
with s keyer switching from one antenna to the 
other. The first tests were carried out using 
the words "left" or "right" spoken in the micro¬ 
phone in accordance with the British method. 
In the first testa each sntenna was about 220 
feet long following the British recommenda¬ 
tions. It was found, however, that shorter an¬ 
tennas could be used just as effectively and 
■ ■ >*tually antennas as short as 100 feet were 
MS* 
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Test* were m»de with AVC both on and off. 
The signal was sufficiently weak in most cases 
that the AVQ did not have any large effect. 

The results, 0/ which those shown in Figures 
3 and 4 are typical, indicate that the course 
defined in this manner of operation Is very 
wide, ranging up to 8° for medium and long 



distances and has very poor definition within 
the first 100 or 150 yd. Although these testa 
are highly subjective they do give an indication 
of the bluntness and Inadequacies of this type 
of beacon compared with the requirements of 
the Army for this equipment. While the course 
could be followed more accurately by well- 
trained personnel carefully controlling the in¬ 
put and output, level* of the receiver, it was 
apparent that the required accuracy could not 
be attained under normal operating conditions. 

One reason for the bluntness of the course 
according to this a) stem was the difficulty of 
distinguishing differences In loudness between 
two dissimilar sounds occurring at different 
times and probably spoken with different 
degrees of loudness. It was expected, therefore, 
that considerably increased sensitivity would 
be obtained by using tone modulation. 

Results with A-N Modulation 

The use of tone modulation (1,000 cycles) 
produced a great Improvement In the sharpness 
of the course. An important limiting factor 
appeared to be the key clicks. It was found 
difficult to compare accurately the loudness of 
the A and N signals in the presence of strong 


key clicks These key clicks were frequently 
so much stronger than the tone signala that 
the observer had difficulty in eliminating from 
his mind the clicks and concentrating on the 
tone. The result was often very confusing ex¬ 
cept to the highly trained peraonnel. Much 
work was carried out on the elimination of key 
clicks, It was found that they could be elimi¬ 
nated or reduced to negligible amounts either 
by uaing the modified British system or by a 
relay of special design. 

After the key clicks had been substantially 
removed It was found that the apeed of keying 
could lie increased to 64 characters a minute 
and atiJJ be comfortably read by an untrained 
observer. Under those conditions the width of 
the course obtained was about ± I' for a 1-db 
difference in signal level but aurally the course 
width was ±i/ 2 to trained observers. The site 
errors were considerably more than this, being 
of the order of 2°. The course could be fol¬ 
lowed with a receiver having AVC such as the 
SCR-586 and the Navy type RB7,. However, to 
attain good sharpness of the course with such 
receivers it was necessary' to retract the anten¬ 
na, slightly detune the receiver, or otherwise 
maintain the receiver input sufficiently low to 
minimize the a-v-c action. This was particular¬ 
ly important at the closer distances, say the 
first 400 yd. It was also found important not 
to overload the receiver by permitting excessive 
Input voltages, since this could cause an ap¬ 
parent reversal of the A and N quadrants when 
considerably off course. 

Factors Affkctinu Operation 
The system was studied in detail by ana¬ 
lyzing the effect of changing some of Us para¬ 
meters and sources of error. The factors 
studied were: 

1. Length of antennR. 

2. Size of wire. 

3. Angle between the antennas. 

4. Height of antenna. 

5. Effect of obstructions. 

6. Effect of unequal currents. 

7. Effect of polarization. 

8. Effect of sky wave. 

9. Effect of weather. 
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Figure 5 showi that not much is gained hy 
making the antenna longer than 100 ft. 
Although measurements showed that sharper 
courses would be obtained with longer anten¬ 
nas, the course with the 100-ft antenna ia only 
i V»" wide which is sufficiently sharp. 



• IIM »M hiimM 


The current distribution was measured to aee 
if landing waves were appreciably reduced 
when using long antennas. The current in a 
ground antenna a t long as 230 ft was a atand- 
ing wave having an attenuation of only 26 per 
cent per wavelength and * velocity of propa¬ 
gation of 0.8 the velocity of light. 

No appreciable variation of the velocity of 
propagation was noted when No. 18 enamel 
covered wire, Army wire W-I10B, No. 11 
stranded insulated wire or No. 14 solid copper 
rubber-covered wire was used. Although the 
desirability of uaing thinner wire to obtain a 
higher velocity of propagation waa evident, 
experiments with such wire showed it to be im¬ 
practical for field use, 

Effect of Angle Betwlen Antennas 

The 90° angle between the antennas of the 
British system is not essential, A system uaing 
a GO" angle waa tried and the course obtained 
was fully equivalent to one using the 90 c an¬ 
tennas except that there apparently was a 
slight amount of coupling between the two an- 
tennaa in the 60 position so that the field from 
the energized antenna was diminished about 


3 per cent along the direction of the course. 
The only advantage in uaing a 90° angle is the 
greater ease of accurately laying out this angle. 

The degree of interaction of the two an^ 
tennas is shown in Figure 6. Here one nntenns 
was energized and its field measured at a point 
on a line making an angle of 46" thereto, 
while the unenergized antenna was swung from 
a position parallel to one perpendicular t« the 
energized rntenna. The maximum variation of 
the field under these conditions was about 8 
per cent. The field strength waa 157 (in rela¬ 
tive units) when the unenergized antenna was 
entirely removed. When it was placed per pen- 



Fioi'«e 6. Field etrength of energised antenna jo 
function of angle of unenergiaed antenna. 


dicuiar to the energized antenna and raised 
from the ground to a height of 8 ft, the field 
strength varied only from 1G2 to 164. It may 
be concluded from these measurements, and 
from the many 360 aurveyi of the courses 
which were made, that a deleterious interaction 
of the antenna* will not occur under any con¬ 
ditions likely to be encountered, 

Effect of antenna Heicht 

Measurements indicated that raising the an¬ 
tenna from the ground to a height of 2 ft 
Increased the field strength in (he direction of 
maximum radiation only about 26 per cent, and 
that a height of 6 in, produced only a 10 per 
cent gain m field strength over the case of the 
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antenna iying on the ground. Therefore it was 
decided to adopt the simple pi Actice of stretch¬ 
ing the antenns along the ground unsupported. 

Effect of Obstructions 

For this type of beacon obstructions near the 
transmitter appear to have very little effect on 
site errors. Such obstructions as a fuli-scaie 
model airplane 25 ft from one of the 'ntennas 
did not appreciably affect the course. An auto¬ 
mobile placed within 6 ft of one of the anten¬ 
nas also had no measurable effect. A smnll 
building having electrical wiring about 20 ft 
from the apex of the antennas, small trees, a 
wooden tower 20 ft tall, and another wooden 
tower 40 ft tail, close to the antennas produced 
no noticeable deviations of the course. 

Obstructions near the receiver aite were 
found to be quite important. Bends in the 
course resulting in errors as high as 4° were 
noted in the neighborhood of overhead power 
lines, and multiple courses were also noted in 
their neighborhood. In one case a course was 
traversed by a power lire at an acute angle at 
a distance of 400 yd along the course. There 
was also at this point on the course a building 
1K0 ft long and 40 ft high having electrical 
wiring. The course was bent about 4° in the 
vicinity of the power line. However, the courae 
was found to i esume approximately its rorrcct 
direction about 100 yd beyond this line. The 
effect of these obstructions was undoubtedly 
increased by their location on high ground. 

There appeared to be some correlation be¬ 
tween hlils and deviations of the course, but it 
was inconclusive because of the invariable 
presence of other site factors. The course was 
found to be straight through woods. A barbed 
wire fence across the course at an angle of 
about 90° did not appear to bend it measurably. 

Effect or Unequal Currents 

The course of the British beacon lies along 
the bisector of the angle between the antennas 
when the antenna currents are equal, When the 
current in one antenna is greater than the 
other, the course is deflected toward the other 
antenna. This effect is utilised in directing the 
course, Capacitors C, and C, in series with the 


antennas, shown in Figure 7, vary the currents 
in the antennas and thus determine the direc¬ 
tion of the course. These capacitors (maximum 
capacity 100 jy*f) are varied differentially by 
single control knob, which wheel turned to the 
right steers the courae to the right, and when 



turned to the left steers the courae to the left. 
The courae may be steered _t20°. The course 
may also be steered by potentiometers placed in 
series with the antennas at their sending ends. 
It ia considered more advantageous, however, to 
use capacitors because of the ease of attaining 
smooth operation, the avoidance of loss In the 
potentiometers, and the greater durability of 
condensers. 


Effect of Polarization 
The ground antennas in addition to radiating 
the desired vertically polarized field also radiate 
a horizontally polarized field. At a distance of 
200 yd, at an angie of 45°. with the antenna 
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3 ft «bove the ground, the vertically polarized 
field w»s 3.B mv and the horizontally polarized 
field was CU? mv. The horizontally polarized 
field is capable of producing an error of 2° at 
100 yd and 1° at 200 yd. The poltrization 
error at 300 yd is Vi“ and at greater diatancei 
it becomes negligible. Theae error* represent 
the maximum deviation* which can be obtained 
with the SCR-536 receiver at heights of about 
2 ft above the ground and were determined by 
locating the apparent course with the receiver 
held horizontally and at right angles to the 
course, and then turning the receiver 180' ! in 
the horizontal plane and relocating the course. 
Thi difference between these two course deter¬ 
minations ia called the horizontal polarization 
error. 

Sky-Wave Effect 

The course was tested at night and no sky- 
wave difficulties were noted, The critical fre¬ 
quency of the F layer at Washington at the 
time was lower than 6.5 me. Therefor*, sky- 
wave propagation at this frequency could occur 
only by means of sporadic E-layer clouds. Tim 
radiation of the ground antennas In a vertically 
upward direction is »o small that It seems very 
unlikely that an appreciable aignal can ever be 
received via the. ionosphere. The course showed 
the same accuracy at night as during the day. 
A loop direction finder placed on course at a 
distance of 2,600 yd showed no evidence of 
polarization error. There was also no evidence 
of fading at this distance, using a meter in the 
output circuit as an indicator. 

Effect of Weather 

This British type of beacon waa tested under 
various weather conditlona including heavy 
rainfall and while the ground was covered 
with a light snow. Such weather conditions 
did nut appreciably ahlft the courts. The course 
shift from a dry day to a succeeding rainy day 
measured at a distance of 700 yd wts only */*“• 
which is within the limits of experimental error. 

Modified British System 

The equipment for this system differs from 
that of the British system chiefly in the an¬ 


tennas. The antennas for the modified British 
stem consist of a ground antenna at 90“ to 
the desired course, and an antenna for radiat¬ 
ing vertically polarized waves of the proper 
phase with respect to the field from the first 
antenna. The aecond antenna may be the verth 
cal rod antenna normally used with the SCR-2B4 
transmitter. Three antenna syatems for the 
modified British beacon are shown in Figure 8. 
In Figure 8A the ground antenna at right 
angles to the course la a dipole type of Beverage 



antenna. The antenna system In Figure 8B con¬ 
sists of a pair of single-ended Beverage-type 
antennas arranged In a straight line at right 
angles to the course. The course is obtained by 
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reversing the current in the 90' antennas and 
thus switching the radiation pattern. 

The modulator and keyer unit for the modi¬ 
fied British beacon is similar to that of the 
Britiah beacon. A circuit diagram it shown in 
Figure 9. 

The course of the modified British beacon can 
be shifted by suitable means. One such means 
which has been thoroughly tested is shown in 
Figure 8C and consists of a pair of antennas 
about 16 ft long arranged along the ground st 
right angles to the main ground antennas. 
These antennas are fed through a pair of uni- 
controlled capacitor* which vary the current in 
these antenna* By means of these capacitors 
and a reversing awitch (SW in Figure 9) the 
course may be shifted about 7° to the right oi 
(eft. 


factor* are variations in height of the antennas, 
length, ground over which the antenna* are 
stretched, and current distributions of the an¬ 
tennas. The independence of the modified sys¬ 
tem of these factors affecting the intensity of 
the radiated fieid arises from the fact that the 
course in this system is determined only by ths 
location of the null of the radiation pattern and 
not by the absolute magnitude of the field or the 
shape of the radiation pattern. 

Factor* Affecting Operation. The modified 
British system was studied by analyzing the 
several parameters and factors which might 
cause errors. 

Ground antennas of various lengths were 
studied, both of the dipole and single-ended 
types. Theae studies showed that a dipole 120 ft 
long, and a singie-ended antenna 60 ft long had 
a sharp null and a high ratio of vertical to 
horizontal polarization. Figurs 10 shows the 
radiation patterns of several type* of antenna* 
in the neighborhood of the nulls and exhibits 
the superiority of the 120-ft dipole at 6.6 me. 
Similar test* showed that 60-ft and 100-ft 
slngle-emled antenna* had satisfactory radia- 
Jlon patterns. These curves, of course, are ap¬ 
plicable only to antennas utilizing the type of 


Purpose or Modified Bkitibh system 


The original purpoae of the modified British 
beacon was to eliminate key click* by perform¬ 
ing the required *ntenn* switching in those 
antennas which ha vs a nuii in the direction of 
the course, and thus prevent the switching from 
affecting the field in this direction. 

Another purpose was to eliminate those 
errors which are c*uaed by factors that may 
cause the ground antennas of the Britiah 
lieacon to radiate fields of different intensities 
or different directional characteristics. Such 


Imb >• MUM* la 

wire and arranged at tha height* above ground 
used in these tests. 

The effect of the size of wire and the height 
above ground haa already been discussed, and 
the same findings which apply to a aingle-ended 
antenna aiso apply to a dipoie type of ground 
antenna. 

The effects of obstruction* both *t the trans- 
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mitter and receiver sites are the same as for the 
unmodified British system. 

Testa made to determine the effect of unequal 
antenna currents on the position of the course 
showed that even a ratio as great as four to 
one between the currents In the main ground 
antennas had no effect on the iocatinn of the 
course. This i« very important because unequal 
antenna currents always occur. 

The effect of horizontal polarization in caus¬ 
ing errors was found to be the same as in the 
British system. 

The height of the vertical rod antenna and the 
current in this antenna determine the range of 
the beacon und the sharpness of the course With 
ground antennas 60 ft long a 9-ft vertical an¬ 
tenna gives approximately the same range and 
sharpness of course at a frequency of 6.6 me 
as the 46° antenna of the British beacon. 


u.t DESIGN OF SWITCHING RELAY 

It was early recognized that one of the chief 
problems in perfecting the British beacon was 
that of eliminating key clicks. One solution was 
the use of the modified British system, the 
other was the design of a special relay. 

Many variations of relays were tested. The 
first attack on the problem was to study the 
cauae of the clicks. It was found that the clicks 
resulted from the fact that during the time of 
commutation the r-f current in the antennas 
was reduced to a low value and that the in¬ 
tensity of the click* was dependent on the time 
during which the current remained low. The 
design* were, therefore, directed toward a relay 
In which the actual time of commutation was 
reduced to a minimum. In commercial practice 
this result has been achieved by the use of very 
large magnets operating small moving parts. 
Relay* weighing as much aa 20 lb have been 
used for thi* purpose. In the present case such 
relays were not practicable. It was also found 
undesirable to develop a relay which would 
reduce the current in one antenna gradually 
before increasing the current in the other an¬ 
tenna. The effect of such a shift was to reduce 
the accuracy with which the course could be 
detected. To reduce the time of commutation it 
was realized that the moving contact would 
have to be made as light as possible and that 


commutation should take place ortly after this 
moving contact had reached a substantial veloc¬ 
ity. It waa also found important that the 
inertia of the magnetic armature carrying the 
moving contact shouid cauae as little delay on 
the iction as possible. 

The first relay tried, while suitable for the 
voice-modulation type of Brltiah beacon, wa# 
found entirely unsuitable when torle modulation 
and A-N keying were applied. An antenna 
change-over relay having a 1/306-tecond time 
of throw waa also found entirely inadequate. 
Snap-action awitehes such as a mlcroawitch 
produced pronounced clicks. Two switching ar¬ 
rangement* having make-before break action 
gave no improvement. 

A double-contact switch making contact drat 
through a resistor and then making contact 
directly was tested. The resistors were varied 
from 0 to 2,000 ohms and the hast click ap¬ 
peared to occur when the realstori were entirely 
out of the circuit. This scheme appeared to have 
no promise. 

An Allied Control Company Type AK relay 
modified similarly to one used by the Naval Re¬ 
search Laboratory for the same type of beacon 
and loaned for study was tested and found to 
have a change-over time of approximately 
1/2,000 second. Thia relay would probably give 
very little key click. The result was obtained by 
an excessive current in the magnets causing 
them to become extremely hot. Since thia type 
of relay waa no longer manufactured, no work 
was done to incorporate it In thr experimental 
models finally submitted. 

The relay shown In Figure 11 was built along 
the principle* of having a light contact reaching 
a substantial velocity before commutation. It 
could be adjusted to have a change-over time of 
about 1/4,000 second. To avoid chatter It was 
necessary to dampen the vibration of the mov¬ 
able contact* by a packing of Airfoam sponge 
rubber, This relay waa connected across a 12- 
volt bettery which was switched t urn coil to 
coil by a microswitch. The current taken was 
1.6 amperes. The relay armatuie and movable 
contacts would normally occupy an inter¬ 
mediate rest position where they do not con¬ 
nect to either fixed contact dulling the throw 
of the mlcroawiteh, becauae tile microswitch 
takes a comparatively long timil to move from 
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one of Its contact* to the other and the coils of 
the relay are unenergized for a sufficient time 
to Allow the reUy movable contacts to return to 
this center position. This condition wm it first 
remedied by adjusting the magnetic circuit so 


antennas are simultaneously connected to the 
transmitter for the very brief time of about 
O.OoOl second, but this appears to have no bud 
effects. Armature stop screws maintain a suffl- 
cient gap between the reiay armature and pole 
pieces to prevent the armature from locking in 



that there waa sufficient residual magnetism to 
hold the armature in one position until the coil 
in the other position was energised. Later the 
reiay circuit was modified so that both colls are 
energized during the change-over of the micro¬ 
switch and hence the armature is positively heid 
in a given position until the coii in that posi 
tion is short-circuited. ._. 

The relay is adjusted as follows. The fixed 
contacts are screwed in about 0.003 in. beyond 
the point where they just touch the movable 
contacts. During operation the movable con¬ 
tacts acquire such a high velocity just before 
making contact on the other side that the dosed 
movable contact cannot, by virtue of its spring, 
remain dosed. The best adjustment of the relay 
appeara to be one in which the change-over time 
is about 0,00025 second. When so adjusted both 


one position. 

The relay can easily be set to have a change¬ 
over time of 0.0003 second. It showed no de¬ 
terioration of performance after 24 hours of 
continuous operation. These results require a 
positioning of the fixed contacts with a toler¬ 
ance of the order of 1 1,000 in. The model, 
delivered to the Signal Corps were laboratory 
models and might not be able to maintain this 
degree of tolerance under hard field use. The 
Navy Department advised, however, that such 
a degree of tolerance can be maintsined satis- 
fictorily In the field. It is believed, therefore, 
that with suitable mechanical improvement in 
the design there will be no difficulty in having 
reliable relays for field operation. 

us SETTING DP THE ANTENNAS 
IN THE FIELD 

Several methods of installing the antennas in 
the desired directions were developed and 
mechanical aids were delivered with the equip- 
me"t. These included a magnetic compass with 
a pair of sights and aligning bars. The antennas 
can be aligned by placing them approximately 
in the correct directions and then by adjusting 
the currents so that “steering" occurs. These 
methods are described in greater deUii in the 
contractor’s report on the project. 

>i.s EQUIPMENT DELIVERED 

Three sets of the final model of the equip¬ 
ment for the British beacon together with an 
antenna aligning device were delivered August 
5, 1944. Each set of equipment consisted of an 
instruction book and a carrying case containing 
two reels of antenna wire, two antenna ground 
stakes, cables, and a moduiator-keyer unit. 

The moduiator-keyer unit was housed in a 
waterproof box 10x7x9 in. The 1,000-cycle 
tone uaed for modulating the transmitter was 
generated by a General Radio Type 672-B hum¬ 
mer. The two colla of the keying relay were 
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connected across a 12 volt batten'. A cam- duced to 9 lb by the substitution of an alu- 
operated microawltch short-circuited the coils minum box and a reduction In sue of the unit, 
alternately, The cam was cut to produce inter¬ 
locked A and N character* and was rotated by a <;OV.U,**ION 

Haydon timing motor, The speed of the motor 

waa adjusted to produce a keying rate of 64 Of the three types of beacons studied expen 
chsractera a minute, The motor is capable of mentally the British and modified British bes- 
keylng up to 128 character* a minute by a suit- cons were found superior to the croased-loop 
able adjustment of a reaistor, A pair of 100-^f beacon. The experimental models of the British 
straight-line frequency capacitors were used for and modified British beacons gave substantially 
letting the coune within 20’ of either aide of equal reaulU. The modified Britiah system Is 
the bisector of the angle between the antennas, less subject to certain possible aourccs of error, 
The capacitors were coupled together so that but it is slightly more complicated If a steering 
they were rotatable by a single knob and were adjustment is required. From a designer'* 
arranged so that they varied differentially but point of view the modified British ayatem has 
had equal capacitance* at * mldpoaition, alto the advantage that the course can be 

The unit waa powered by the 12-volt battery readily broadened or aharpened at will by alU-r- 
used for the transmitter. It* power consump- Ing the ratio of the currents in the vertical and 
tion waa 8,7 watta. It wa* capable of producing horizontal antennas. As the course n broad- 
100 per cent modulation of the transmitter at ened the signal intensity on the course Is in- 
the maximum power output of the transmitter, cretaed and vice versa. 

The weight of the complete unit in a heavy A companion of the three typea of beacon, 
ateel box waa 18 lb. Thia weight could be re- ia presented In Table 1, 

Tails I. Comp*nxm of b*«enn syulftn*.____ ___ 


Noxpceixl n*l»y required Itoquirw very rope 


I'nbslxnre bet* urn A»nd N current"" 


Time required to IrwUll »iui tune More th»n 10 m 

Weight exclusive of lrnnmnitter [ Approx. 40 lb 


V»ri»lioo of *i mind under the 2 unlenni* 


Mixther,inx 220-b *n- 1 U-nctltwiinalMMu 

1 enn»U)flr*u*cdxhifs 10 ll produced m 
of r »t mo yd. y *t urmhle remr«e .hi 
200 yii. 
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IIcYtlopment of a direction-finding .yrtem' covering c 
the range 140 to *00 me, providing inatantaneoo* bcar- 
ini indication. for vertically polariaed altfoela. Two 
w.v. collector, tttllli* a common receiver and Indicator 
One entenna consist. of an Adcock .y.tera with output 
fed Into a capacitiv. goniometer; th. other antenna 
(fur 300 to «0O m«> i« a rotating element In front of a 
reflector, the portion of the antenna being eynchronlaed 
with the CKO Indicator. 

hi INTRODUCTION 

T he object of this project* was, briefly, to 
develop a d-f system operating in the u-h-f 
region of M0 to 600 me. It was hoped that 
much of the experience gained and the means 
developed in previous development programs 
on d-f systems for lower frequencies (1.6 to 30 
me) could be drawn upon in thle project. It wa* 
found, however, that while the experience was 
useful, the methods employed in the lower-fre¬ 
quency ayntems so usefully could not be effective 
in the u-h-f region. 

ii.s PROBLEM DEVELOPMENT 

In the systems developed for the 1.6- to 30-me 
region, aperiodic thermionic (cathode follower) 
coupling between the high Impedance of the 
antennas and the low-impedance lines connect¬ 
ing the antennas to the receiver was quite 
effective in making it possible to space the re¬ 
ceiver at some distance from the antenna, and 
to provide an impedance match between an¬ 
tenna and line. An attempt to uae this method 
in the higher-frequency region failed for the 
simple reason that tubes available at the time 
provided no more energy transfer when the 
tubes were operating normally than when they 
were cold. The major contribution to transfer 
existed in the capacitances within the tubes. 

It was found also that an inductive goniome¬ 
ter had to be abandoned because the transfer 
through it wa* largely capacitive and because 
of its low impedance. 

An electronic goniometer depended upon 
“ . Pn.j.ct C-80, Contract No. OEMsr-MI. Fwhral 
Telephone and R*di° Corpor.tton 


obtaining identical transfer characteristics 
through four aeparaU tubes at all points of a 
modulation cycle. The difficulty of matching 
tube* made it impossible to obtain equality of 
transfer with modulation or to obtain adequate 
transfer of energy over the wide frequency 
range contemplated. This system had to be 
abandoned. Since the inductive goniometer be¬ 
haved better as a capacitive than as an induc¬ 
tive Instrument, further work was concentrated 
on the development of a truly capacitive goni¬ 
ometer with the result that adequate transfer 
was obtained. The final model of the direction 
finder employed such a unit. 

Using the design principle which had previ¬ 
ously proved adequate in the frequency range 
1.5 to 30 me, a ground plane carrying four 
monopole antennas, acting in pairs to give 
crossed figure-eight diagrams, was conatructed. 
Since the thermionic coupling mean* were 
proved to be unsatisfactory the antenna* were 
terminated resiatively. 

The receiver research for this project passed 
through three stages. The preliminary receiver 
was conatructed having one r-f stage, an oscil¬ 
lator and mixer each tuned by mean* of coaxial 
line* the movable elements of which were 
ganged to a single control. The r-f input of this 
receiver was applied through a 60-ohm coaxial 
tranamisalon line. 

The first modification was alteration of the 
input circuit to obtain balanced input. The aeo- 
ond and final modification consisted of a com¬ 
plete mechanical redesign to avoid the ncceasity 
1 for having Ihe cumberaome tuning method of 
the previous models. 

... SYSTEM EXPERIMENTS 

The first experiment* with the complete d-f 
. system were conducted using a capacitive 
• goniometer mounted on the Type A indicator 1 - 
- «Tht Type A ind-c.tnr utilise* a cathode ray tube 
■ nd circular trace. The trace i* obtained by meehan- 
1 Irtlly rotating magnetic deflection coil* about the neck 
of the tube. The rectified received elgnal fed Into the 
1 coil, to change the eireuler trece to the typical Vro- 
pdier-shaped direction pattern. 
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in place of the normally used low-frequency 
goniometer The antenna output was connected 
to two balanced transmission line one for each 
antenna pair, and applied to the two sets of 
stator plates of the capacitive goniometer. The 
first aystsm tested was composed of the moat 
satisfactory elements determined from the pre¬ 
liminary research. The monopole antennas were 
resistively terminated. Use of two 40-ft bal¬ 
anced transmission lines enabled the collector 
system to be placed at a distance from ths re¬ 
ceiving and Indicating equipment. It was im¬ 
mediately determined that very poor nulla were 
secured, that the nulls were not reciprocal and 
that the overall sensitivity of the system was 
very poor. A modification program was insti¬ 
tuted leading to the following changes: 



The first capacitive goniometer used induc- 
iive means for coupling the rotor plates to the 
receiver input. This output transformer gave 
very poor transfer and immediate steps were 
taken to increase the efficiency. One goniome¬ 
ter was constructed in which the inductive out¬ 
put device was replaced hy slip rings. A con¬ 
siderable gain in tranafer was apparent but 
due to the use of a continuously routed gon¬ 
iometer, the slip rings required frequent main¬ 
tenance. A capacitive-output coupling system 


was then constructed which gave reasonably 
good transfer characteristics. The character¬ 
istics of the capacitive goniometer are shown in 
Figures I and 2. 



One of the principal reasons for poor nulls 
and for nonreciprocal bearings was the fact 
that the transmission lines connecting the an¬ 
tennas of one pair were not properly shielded 



and that there waa direct pickup on these lines. 
It was found necessary to shield very 
thoroughly the transmission lines themaelvea, 
to provide additional shielding at the crossover 
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point, snii to enclose the entire transmission 
iine lyitem within an addition*! shield. 

After the shielding means had been employed 
poor nulla were atill observed over a consider- 


the balanced output of the goniometer to match 
the unbalanced coaxial transmission line. This 
modification not only enabled the diatance be¬ 
tween the antenna and the receiver to be in- 



able portion of the frequency range and large 
errors were introduced because of unbalance 
in the 40-ft transmission lines between the col¬ 
lector system and the goniometer and because 
of the differences in electrical length of these 
two lines. Therefore the capacitive goniometer 
was moved into close proximity with the an¬ 
tenna system. A further improvement was 
effected when the output of the goniometer was 
fed directly into a “balance box” transforming 


created but in addition eliminated a great many 
of the poor null* which had previously been 
observed. 

At the same time It was possible to begin 
teats with an improved model of the receiver 
(Figure 3) having square croas-section trans¬ 
mission lines a* the tuning element* coiled on a 
drum which was routed by the dial mechanism. 
Thla receiver used lighthouse tubes throughout 
and was more sensitive than previous models. 
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Some difficulty was encountered because of the 
use of sliding short circuits aa tuning elements 
of the transmission lines. 

To localize any difficulties which might be 
contributing to errors or to poor operation, an 
extensive series of tests was instituted on the 
separate components of the collector system to 
determine the impedance characteristics of eacli 
ovur th- frequency range and, if possible, to 
discover design criteria. The reaults obtained 
showed that the antennas would be extremely 



difficult to match to a transmission line and 
indicated why the capacitive goniometer ceases 
to function at about 300 me and in genera) 
show the difficulties which were encountered in 


an attempt to make a monopole system of this 
type operate over such a wide frequency range 
without drastic changes In design. 

'*•* FI\4I. IMvSIGVi 

For several months studies had been in 
progress on a collector system constituted by 
two oppositely connected d'poles spaced from 
each other and in front of a reflecting plane 
surface. To obtain automatic instantaneous 
indication from a system of this type, a collec¬ 
tor was constructed as illustrated in Figure 4. 
This rotating collector was driven by a large 
Induction motor and the instantaneous position 
of the collector was repeated through a sclayn 
system so as to be shown on a CRO screen, The 
calculated directional pattern of the collector, 
the measured pattern and the resulting indica¬ 
tion are shown in Figures 5 and 6. The system 
operated with satisfactory results between 300 



FXOI-SEB. Moa»ured Said pattern (left) and rcaull- 
inx indicator pattern of monopole-rcflector ayatem. 


and 600 me, thereby supplementing the per. 
fonnance which had been obtained using the 
fixed monopole system and the capacitive 
goniometer. 

As a final step in the development, the low- 
frequency system <140 to 300 mcl, consisting 
of the five monopole antennas and the capaci¬ 
tive goniometer, and a high-frequency system 
(300 to 600 me), consisting of the rotating an¬ 
tenna, were incorporated for use with a single 
control unit consisting of the receiver, an indi¬ 
cator and the necessary power supplies. 
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PERFORMANCE 

Figure 7 shows that the sense performance 
of the 140- to 300-me monopoly system is not 
adequate. A considerable amount of redesign 
and further development would be necesaary to 
obtain results which would permit a produc¬ 
tion-type system to be built. Figure 8 shows the 
directional accuracy of the monopole antenna 
collector ayaiem with the capacitive goniome¬ 
ter In the frequency range 140 to 800 me. This 



performance could also be considerably im¬ 
proved. 

The rotating antenna system is not subject 
to the same type of errors as the monopole 
system. The accuracy Is indicated as =t3 c in all 
testa made. No sense ambiguity is possible 
with thin type of collector system. Between 800 


and 600 me, nulls are always aharp and in every 
way the operation of this system is much more 
satisfactory than that of the fixed, monopole 
system. 
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DIRECTION-FINDING AN TENNA STUDY 


'»•* f.l.KCTRICAl. CIRCUIT THKORY 

The entire system u finally developed con- 
Blats of three major units: Band 1 (140 to 800 
me) wave collector and goniometer; Band 11 
(300 to 600 me) wave collector; receiving and 
Indicating unit for remote operation. (See 
Figure 9.) 



Band I Wave Collector 
Aa shown in Figure 10 the 140- to 300-mc 
Adcock wave collector consists of five vertical 
monopoles mounted on insulators over a copper 
ground plate. Directly below the plate and 
mounted in a wooden protective bo* are the 
capacitive goniometer, the driving motor, and 
the selsyn generator. The entire system block 



diagram is shown in Figure 11 where only one 
Adcock pair ia indicated for the sake of sim¬ 
plicity. The polar diagram of this array ia a 
figure eight (Figure 12). 


Kieeae u •* Mfeek an. 


This pattern followa a cosine function. If the 
antenna system were rotsted by hand only one 
pair of antenras would be required, the position 
of the nulls indicating the direction of the re¬ 
ceived signal. For Instantaneous indication the 
capacitive goniometer scans the output of two 
pairs of Adcocka (four antennss). 
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Goniometer 

The rotor of tha goniometer consist* of two 
semicircular plates, A and B, In Figure 13, 
inaulated from each other. The two pairs of 
stators are identical except tint one Is oriented 
90° vlth respect to the other. One output ring 
la connected solidly to rotor A, while the other 
la connected to rotor B. These are rotated inside 
two fixed rings to provide capacitive coupling 
to the rotor output. (See Figure 14.) 

The atator plates are so shaped that the 
capacitive coupling between rotor and Indi- 
vidud stator* varies as > cosine function with 
rotation. For example, assume both pairs of 
sntennas connected to both stators and the 
signal being received In the N-8 direction. The 


away from the previous ones because of the 
positioning of the E-W atator. In this manner 
the goniometer will indicate bearings of signals 
in line with the antennas. 

For the case where the signal direction is not 
in line with either array, assume the signal Is 
received along the line o-b (Figure 12). This 
means that there will be o-a volts delivered to 
stator E-W, and o-b volts delivered to stator 
N-S. Therefore, across stator N-S there will be 
a voltage 

t cos 6, 

where t voltage (o-c), and across stator E-W, 
there will be a voltage 

r sin t. 



Ficus* M. Photograph of goniometer. 


signal will be In the null of the E-W antennas 
so that no voltage appears across the E-W 
stator to be picked up by th- rotor. For the N S 
ititor, as the rotor is turned slowly, the output 
will vary from a maximum when the plates A 
and B are parallel to the stator to a minimum 
of zero when the rotors are at right angles to 
the stators. Thus two nulls are produced 180° 
apart 

Similarly, if the signal Is In the direction of 
the E-W antenna, two nulls will again be pro¬ 
duced 180° apart, except that they will be 90° 


For any rotor position, there will be a voltage 
eoupied from stator E-W to the rotor propor¬ 
tional to t aln 6 and equal to 
K [r sin «]. 

Similarly, the voltage coupled from stator 
N-S will be equal to 

K [e co* »]. 

If the rotor la lined up for maximum cou¬ 
pling to atator E-W, and then rotated through 
an angle 0 , the voltage across It will be 
K[e sin «][coa /j]. 
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The voltage coupled Into the rotor from at*tor 
N-S will vary from rero to maximum as p ia 
increased and the reiultant voltage will be 
K[e cos S][aln $]. 

There will be some position for a rotation of 
I! degree* where 

K [t coa (ain 0] K [e ain «J [cos p]. 



muat be fed in phase to the goniometer output 
to produce a cnrdloid pattern. Since the Adcock 
monopoles are cross-connected, an analyaia of 
the voltage vectors will show that the sense 
antenna output ia 90 out of phase with the 
Adcock antenna output. To shift it 90°, the out¬ 
put of the sense antenna i* fed through two 
unequal transmission line*, through unhalance- 
to-unbalanee converter*, and mixed through a 
relay with the goniometer output. The line 


-UW—. 

• M. Block diagram of high-frequency an- 


At thia point, the voltages will cancel in the 
rotor for zero output in a null position. Solving 
the above equation, It will be found that 
0= -ft 

Indicating that the position of the rotor Indi¬ 
cates the actual bearing. Thia would produce a 
double null pattern as shown In Figure ISA. To 
establish aenee, the output of the senae antenna 



Figure IS. High-frequency (300- to SOO-mc) ro¬ 
tating antenna. 


lengths are ao proportioned as to produce a 90° 
pha. e shift over the band. When the sense 
antenna Is connected in the circuit the sense 
pattern would theoretically appear as shown In 
Figure IBB where the pattern Indicates the di¬ 
rection of the bearing, Because of difficulties 
with balsnce in two coaxial lines, the goniometer 
output is fed into a balance-to-unbnlance con- 
vertei and then via a single coaxial line to the 
receiver. 



The goniometer is rotated by means of a 
motor which also turns a selsyn generator. This 
selsyn generator is used to drive a selsyn motor 
in the indicating unit. 


Band II Wave Collector 
A s shown in Figure 16, the 300- to 600-mc 
collector consists of a pair of vertical monopoles 
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in front of « reflector and rotated over a ground 
screen. A biock diagram of the system is shown 
in Figure 17. 

The entire system is mounted in such a mar. 
ner that the cylindrical-ahaped balance box 
sene* as a shaft tor rotation. The output ia 
taken off via a fixed line about which the bal¬ 
ance box rotates so that no rubbing contacts are 
used. The monopoie* are cross-connected st the 
balance box ao that the antenna patterns are 
approximately a* shown in Figure 18. 

Since a sharp null i produced in the direc¬ 
tion of the received signal, the system is uni¬ 
directional and requires no sense, as in the 
Band I collector. As the collector is rotated, the 
operator will first find the aignal over a rather 


Receiving Unit 

The receiving unit (Figure 19) consists of a 
140- to 600-mc tuned line receiver, a d-c ampli¬ 
fier, and switching circuit* for operating Band 
1 and Band JI collectors. Tuning the receiver ia 
accomplished by varying the length of a cir¬ 
cular transmission line by mean* of shorting 
bars Receiver input i* single-ended and ie fixed 
at 90 ohms. The i-f channel is straightforward 
and has a bandwidth of 1.000 kc for passage of 
pulses. 

Motor switching circuits are interlocked ao 
that only one syatem can be operated at a time 
In operation only the r-f cable need be changed 
for a band change. 



broad lobe, pass through a sharp nuli, continue 
over another broad lobe of reception and then 
pass through approximately 180 of null. The 
collector is driven by a variable-speed motor 
which also drives a selsyn generator for syn¬ 
chronization with the indicator. 


Indicator Unit 

The Type B indicator (Figure 20) with two 
ael*yn motors for driving, and speed control for 
antenna system* are mounted on the power- 
supply chassis. The Type B indicator consists 
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of * strip of alternate thin laminations of cop¬ 
per »nd polystyrene. The projecting end* of the 
laminations are ground to a flat surface and a 
uniform resistance *trip 1* compressed on one 
side. Thi* produce* a commutator with a large 
number of equal resistance step* between bars, 
fhe strip la rotated by a pnir of selayn motors 
to produce the voltage needed to generate a 
circular trace In the cathode-my oscilloscope. 

If a current i* sent through the atrip a sinu¬ 
soidal voltage will be generated aero** a pair of 
brushes mounted along a iine perpendicular to 



the rotational axle and equidistant from it. By 
mounting ahother pair of brushes at right 
angles to the first pair, two sinusoidal voltage* 
are obtained with 90° phase difference. These 
voltages applied to the deflecting piatea of the 
CRO tube produce a circular trace when the 
spot move* at ronstant velocity. 

By supplying the Type B strip current from 


the plate of a d-c amplifier following the re¬ 
ceiver detector, the receiver output can be i. ade 
to vary the shape of the circle for an indication. 

When the receiver output is zero at the null 
(0°) the plate current In the d-c amplifier wlil 
be maximum and the spot will be at the outside 
of the circle. Aa the goniometer scans from 0° 
to 90°, the receiver output wiii increase to 
maximum, biasing the d-c amplifier until cutoff 
is reached, and no voltage wiii appear across 
the atrip. Thua the spot will approach the 
center, rapidly at flrst because of the sharpness 
of null and then more gradually. 

For aense operation the same principles 
apply except that the cardioid pattern resultant 
produces a pattern with one broad null. 

To place the cardioid pointing in the same 
direction a:, the d-f pattern, it ia necessary to 
turn the pattern by 90° on the cathode-ray tube. 
This is done b> means of a four-pole double¬ 
throw relay which twitches each brush to the 
adjacent cathode-ray tube deflection plate. Posi¬ 
tioning of the circle Is effected by magnetic de¬ 
flection coils placed about the neck of the 
cathode-ray tube and operated from the low- 
voltage supply. 

Circle diameter is varied by cathode bias con¬ 
trol of the d-c amplifier, Speed control la incor¬ 
porated into the wave collector motor since It 
ia necessary to bring the aelayn motors up to 
speed gradually. 
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LOCATING TANKS BY RADIO 


Problem of loc.t.n* the po.ition of friendly tsnka 
with ro.pect to « fixed »t»tlon to «n accuracy of a 60 
yd In 5 mile* u«inr exiiting 91fn*i Corpt tank equip¬ 
ment by on »udio-phx»e-me#»ureinent method, Investi¬ 
gation of the ch»i arteriitici of existing tank equip¬ 
ment indicated that Inherent phaae inetability wouid 
make Impossible location of tank* to the required 
degree of precision. 

INTRODUCTION 

T he basic idea involved in these two proj¬ 
ects* was to place a constant audio tone on 
the carrier of a standard communication trans¬ 
mitter nt a locator station. This signal would 
be received by the tank and the tone would be 
retransmitted by the tank on another radio 
frequency. Assuming constant time delay, or 
phase shift, through tht transmission and re¬ 
ception networks, the measured phase shift 
in the audio tone a* measured at the locator 
station would be a measuri of the distance 
between the tank and the locator station. The 
location of the tank or group of tanks would 
be accomplished by a triangulation process. 

One requirement established was that exist¬ 
ing equipment be employed in these projects. 
Therefore, although the method for locating 
tanks by rsdio was considered basically work¬ 
able. whether the scheme would be successful 
would depend entirely upon the following two 
major factors: 

1. The accuracy with which the phase mea¬ 
surement could be made. 

2. The stability of the phase shift through 
the tank equipment under normal operating 
conditions. 

Tests, therefore, were made by the two con¬ 
tractors on the phase stability of two existing 
pieces of radio equipment, the SCR-506 in the 
2- to 41/j-mc region and the SCR-G08 in the 
20- to 30-mc region. 

* Project C-W3. Contract No. OEMsr-787, Beil Tele¬ 
phone Laboratories; and Project C-fll, Contract No. 
OEM»r-7.J7. General Electric Co. 


i» a TEST RESULTS 

“■s* Teals on SCR-506 

To measure the distance of the tank within 
*50 yd *t 5 miles requires «n accuracy of 
0.67 per cent. Using an audio frequency of 
2.000 cycles per sccoiid would result In a phase 
shift of 38.7" for a j-ml!e spacing between 
tank and fixed station. To measure thla phase 
shift to an accuracy of 0.67 per cent would 
require that measurement to 0.22° would be 
necessary. 

Measurement* on the SCR-506 (Project C- 
61) were accurate to about -t0.26 It was 
found that the slope of the tuning curve of 
this receiver was about 1° per kc off tune. 
Using the beat-frequency method, thia error 
might be held to 0.06°. Even when the local 
oscillator w a* adjusted by the zero beat method, 
a change of phase shift of 0.07° occurred per 
degree centigrade rise In ambient temperature. 
The average slope of the curve of phase shift 
versus percentage modulation was about 0.12° 
for a 1 per cent change in modulation. With 
the automatic volume control disconnected 
(manual gain control condition) severe phase 
shifts with changes in signal level occurred. 
In the a-v-c condition, no measurable phase 
shift occurred with a signal level change of 
10 to 1. A signal level of at least 1.000 j<v 
would be required for reliable readings. In the 
operating region, the slope of the volume con¬ 
trol setting curve showed a phase shift of ap¬ 
proximately 0.12° per degree rotation of the 
volume-control knob. 

In light of these measurement , it was de¬ 
cided that the Instability In phase shift through 
the receiver alone under normal service con¬ 
ditions would make the audio phase shift 
method of measuring distance impractical. 

'**• Teel* on SCR' 508 

Using the measurement of time as a concept 
of the measurement of distance, phase shift 

163 


CONFIDENTIAL 


LOCATI M. T ANit* I V RADIO 


mt 


would have to be measured within time inter¬ 
val* of 0.306 iiiuae to accomplish the accuracy 
of 0.67 per cent required. Direction would 
have to be measured within 19.6 minutes. 

It was found that the inherent variations of 
phase shift in the SCR-508 (Project C-60), if 
uncontrolled and uncalibrated In the mobile 
tank at the time of measurement, would pro¬ 
hibit measurements within +8 ^i»ec. For ex¬ 
ample, variations in temperature between 

20 C and +60 C together with change* in 
humidity would produce oscillator drift as 
much a* 60 kc. Thl* alone makes it impos¬ 
sible to meet n accuracy of ± 6+ >*sec or 0.5 
mite in 5 miles. Through Inability of the re¬ 
ceiver’s pushbutton tuner to be reset at the 
same oscillator frequency by merely selecting 
the same pushbutton would produce an error 
of ±2.7 fiSvl. These figures do not include 
the inherent differences between tank equip¬ 
ments of the same model numbers. 

So far a* the SCR-508 was concerned. It 
was Apparent that the a-f phase-shift meaaurc- 
ment method of measuring distance could not 
be more accurate than about 25 per cent, or to 
within 2,200 yd of 5 miles Instead of the re¬ 
quired 60 yd. 

Modification to Improve Accuracy 

Variation* In the receiver’s pushbutton tun¬ 
ers gave errors In excess of 10' at 10,000 
cycles. To offset these errors together with 
the fiO-kr oscillator drift would require a crys¬ 
tal-controlled oscillator in the receiver. 

By a technique which oiled for the trans¬ 
mission of two audio frequencies aomewh*t 
greater accuracy could be attained since dis¬ 
tance would now be determined by the total 
measured phase difference between the two 
frequencies rather than the absolute value of 
phase ’ either frequency. Assuming that the 
phase-shifting networks were Individually ad¬ 
justed for each mobile tank installation and 
that each receiver had the necessary crystal 
oscillator modification*, an accuracy of ap¬ 


proximately 12 per cent or 1,000 yd in 6 miles 
would be •viable. 

Elimtv ,.oj- of all audio amplification, using 
the i-f voltage to drive the transmitter, and 
by making other changes to the receiver (such 
as changing the intermediate frequency) might 
result in a phaae-ahift time in the mobile unit 
of approximately 4.0 /.sec. The amplitude sta- 
bility of the SCR-508 equipments will not per¬ 
mit the adjustment of two voltages required 
for measuring phase by the aum-and-difference 
method to closer than 0.2 db with the result 
that an accuracy of measurement of 250 yd In 
6 milea is about the limit possible with the 
modified receiver suggested. 

Required Merumrement Accuracy. A l 0 ac¬ 
curacy when measuring phase will permit ap¬ 
parent errors of 00 yd In 6 miles at a modula¬ 
tion frequency of 5 kc. If the modulation fre¬ 
quency Is 15 kc this 1° accuracy of measuring 
phase shift will permit measurements to within 
30 yd at 5 miles. Therefore any phase ahift 
method must have an accuracy of 1 " or better, 
particularly if any latitude ia to be left for 
variations at the mobile tank. Such methods 
are known but they are not of such nature that 
they could be used in the field easily. Labora¬ 
tory methods exist which will provide an ac¬ 
curacy of 0.2°. 

, *** Simplified Radar Mrlhod 

The final report on Project C-60 1 proposes 
a modified radar method in which the tank car¬ 
ries a repeater made up of a 90-db voltage am¬ 
plifier and a 60-watt 50-mc power amplifier. 
The fixed station transm'ts pulse* of 1 »»aec 
duration. With a recc've*- band width of ap¬ 
proximately r-.3 me an accuracy well within 
the prescribed 50 yd independent of the dis¬ 
tance measured is estimated. The tank unit 
being * repeater requires no tuning or crystal 
and could be readily adapted to equipment al¬ 
ready In the field. Thun It would be much 
simpler than the proposed a-f phase-shift 
method. 
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A d f *y*tcm providing automatir and tonttnuoua them for tracing out the necessary patterns oil 
indication of bearing* of aipiaia in the region too to t h e CRO screens for indicating the bearing A 
250 me, with arrangement* for remote duplay of the block diagram of the apparatus is shown in 
aiimuthal distribution of received airnale.' Figure 1. 

i*.» INTRODUCTION _ 


A t the time this project* was started radar 
.was In its infancy but it was realized that 
means for identifying friendly aircraft were 
needed. It was believed that d-f method* giving 
the azimuth of the target would be useful, par¬ 
ticularly if two or more d-f stations could use 
triangulation techniques. 

Means were developed for taking bearings in 
a matter of about five seconds with an accuracy 
of approximately ±3'' and for transmitting the 
bearing data over conventional telephone facili¬ 
ties. The system was operable on c-w, i-e-w, and 
pulse signals. Bearings were taken at nearly 
maximum signal level rather than at a null, and 
could be taken on two or more signals at the 
same time provided the bearings were not too 
close together in azimuth. There was no am¬ 
biguity regarding sense. The visual indicator 
(CRO) traced a polar diagram of the received 
signal, and an electrical marker aystem put 
markers on the CRO screen at l intervals 

it* TUB OVERALL SYSTKM 
Principal compouenta of this direction finder 
consisted of a rotating directional and non- 
directional antenna assembly, a u-h-f receiver 
having two channel* for amplifying the respec¬ 
tive antenna signals, line transmitter goniome¬ 
ter units to prepare the signals from the d-f 
channel of the receiver and signals from the 
goniometers which indicate antenna orienta¬ 
tion for transmission over a telephone line, and 
a line receiver indicator unit which obtained 
signals from the line transmitter (directly in 
the case of the monitor and over the telephone 
line in case of remote operation) and prepared 

•Project C-12, Contract No. NDCrc 183, Hazeltlne 
Electronic< Carp, 



>«-» ANTENNAS 

The antennas provided (1) a directional lobe 
of the received signal for bearing purpose! and 
(2) a nondirectional signal for audible moni¬ 
toring and for a-v-c purposes. The directional 
antenna consisted of a conical dipole x/4 from 
the origin of a parabolic reflector; as the an¬ 
tenna rotated, a varying signal was induced in 
the antenna producing a alngle-lobe pattern 
with the axis pointing toward the received sig¬ 
nal. The antenna rotated at 100 rpm producing 
rapidly recurrent patterns so that continuous 
indication of the received signal took place. 
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Tht 1 nondirectional antenna consisted of a and furnishing output to * headset for aural 
single-con ■ monopole and an artificial ground monitoring and a voltage for automatically ccn- 
mounted on top of the parabolic reflector. trolling the volume of both channel*. A com- 

Sheathed transmission lines matched to the mon heterodyne oacillator aerved both purpose*, 
characteristic impedancea of the antennaa con- Provisions were made for handling either c-w 


nected the antennaa to the inputa of the re¬ 
ceiver. Rotating tranaformers deaigned as 
band-pass filters coupled the transmission lines 
from the rotating structure to the receiver. 

is* II.H F RECEIVER 

The equipment waa deaigned for two fre¬ 
quency ranges, 100 to 156 ir«c and 156 ta260 
me, The receiver! were auperheterodynea with 
two separate channels, one modifying the sig¬ 
nals from the directional antenna and applying 
its output to the line transmitter, the other 
amplifying the nondi rent ion al antenna signal 


or pulse signals; the i-f bandwidth could be set 
at 250 kc for c-w or at 3.5 me for pulses by 
switching transformers In four of the six 1-f 
stages, The circuits were designed to handle 
pulses having r repetition rate of from 625 to 
4,000 per second and having a pulse width of 
from 1 to 15 fJec. 

i»* LINE TRANSMITTER 

GONIOMETER UNIT 

This unit obtained electrical information as 
to the exact and instantaneous position of the 
antenna and prepared these signals and the 
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output signal of the d-f channel of the receiver 
for transmission over the telephone line. Three 
goniometer assemblies were required, each 
geared through a differential to the rotating 
antenna. One goniometer rotated at tha same 
speed as the antenna, providing .V and V com¬ 
ponents for tracing out the angular position of 
the antenna on the quadrant indicating CR 


A total of seven audio signals was used to 
transmit thi.; Information to the line receiver. 
Frequencies and amplitudes of tiieae signals 
were proportioned to produce the ieaat amount 
of distortion and crosstalk In the telephone 
line*. A block diagram of the iin' 1 transmitter 
showing several frequencies employed to trans¬ 
mit information is given in Figure 2. 



Flout* S. Block 


tube, another rotated at four time* the antenna 
spued and produced the components for tracing 
out the angular position of the antenna on the 
bearing-indicator CR tube, and the third goni¬ 
ometer rotated at 12 times the antenna speed 
for producing phase-modulated signals for elec¬ 
trical marker* on the bearing-indicator cathode- 
ray tube. 


LINE RECEIVER AND CATHODE. 

RAY INDICATOR UNITS 

The line receiver (Figure 3) separated and 
prepared th* signals received from the line- 
transmitting unit aa to antenna location and 
d-f signal output for tracing ths polar dia¬ 
gram* on cathode-ray tubes, one for fndlcat- 
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ing the directional lobe of the received signal 
for approximately locating the signal and an¬ 
other bearing-indicator cathode-ray tube hav¬ 
ing an expanded scale auch that one complete 
revolution on the screen was equivalent to 90° 
of antenna rotation. On-this tube a portion of 
the directional lobe was also traced out. 

Because the lobe itself waa not sharp enough 
to indicate the bearing accurately, circuits were 
provided for twitching a deflection field at a 
rapid rate ao that two Intersecting patterns 
appeared on the face of the tube. The point of 
intersection of these pattern* enabled the op¬ 
erator to determine azimuth accurately. 



Electrical markers at 1 internals with dis¬ 
tinguishing marks at 6° and 15° intervals were 
provided. Transient traces were blocked out 
so that clear patterns were obtainable. A quid- 
rant blockout control Mocked out any two 
quadrants, a useful feature when examining 
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two signals of the same frequency. The sig¬ 
nals that were blocked out were shown elec¬ 
trically on Hie quadrant indicator tube by dot¬ 
ted traces. Only solid traces shown on the 
quadrant tube were reproduced on the bearing- 
indicator tube. A sample indicator pattern is 
given in Figure 6. 



Ficuaa 6. Sample pattern obtained when takina 
bearing*. 


Provisions were made for equalizing the tele¬ 
phone circuits. A pre-emphaiis control was 
available for use where a Signal Corps line 
was connected between the d-f station and a 
telephone line, enabling the input to the Signal 
Corps line to be increased so that the signal 
arriving at the commercial facilities had the 
proper level. 

*«•* APPARATUS LIMITATIONS 
Effective service waa accomplished on sig¬ 
nal* having strengths of 50 ,.v per meter nr 
less. More modern techniques would enable 
this figure to be increased by a factor of five 
or more. The automatic volume control in the 
d-f channel of the u-h-f receiver obtained Its 
voltage from the monitor channel so that the 
gain of the d-f channel was controlled in pro¬ 
portion to the Input level of the monitor channel. 
Inasmuch as the monitor signal was not exactly 
constant as a funtion of antenna rotation, it 
waa necessary to have a reasonably long time 
constant (approximately Vi second) in thea-v-c 
circuit for the d-f channel so that minor flue- 
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tu*tions resulting from antenna rotation would 
not distort the d-f pattern and cause bearing 
error. Hence the d-f channel automatic volume 
control would, in general, respond to only rela¬ 
tively slow changes In signal level. Rapid 
changes caused a proportionate distortion in the 


d-f pattern which were indicated as instantane¬ 
ous bearing errors on the cathode-ra.v screen. 
Such rapid variations caused the Indicated bear¬ 
ing to vary about the true azimuth Averaging 
the bearings of several traces visually enabled 
the operator to obtain the correct bearing. 
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Chapter 15 

ELECTRICAL DIRECTION-FINDER EVALUATOR 


Development ol an eleet-omechanicat Heelce which, 
from the beerinr* Ui * radio transmitter meaaund by 
any number of fixed radio direction finder*, determine* 
tha mo*t probabla location of tha transmitter and tha 
boundary of the amalleat raflon In which, to ary pra- 
aaaipmed probability, the transmitter can ba presumed 
to b« located. 


is. i INTRODUCTION 

A T THE TIME of thla project* there were, in 
L u» or available, a treat number of radio 
direction finders cafi-bie of providing informa¬ 
tion which, if properly analysed statistically on 
simultaneous borings, could determine the 
location of a radio transmitter with much 
greater preciaion than had been obtained by 
methods of evaluation then existing. 

This report describes a device which, with¬ 
out mathematical approximation* and almost 
instantaneously, can apply the method of least 
squares to the bearings of any number of direc¬ 
tion Anders operating in a network. In con¬ 
junction with d-f networks organised to make 
optimum use of its properties, this electrical 
d-f evaluator was expected to place direction 
Andinr In an entirely new category of precision 
nnd dependability. 

1S.S STATEMENT OK PROBLEM 

A radio direction finder provides means for 
measuring the bearing to the source of a radio 
signal, and therefore two direction finders can 
provide sufficient information to determine the 
position of a radio trsnsmitter, provided that 
the position of the transmitter is not on the line 
joining the two direction finders. 

The bearings from the two direction finders 
will determine a fix (point where the bearing 
lines cross) with an accuracy dependent upon 
the precision of the two direction finders. In 
common with all physical measurement*, the 
besrings as obtained from a direction finder 
•Project 13-121, ronvYaet N q. OEM*r-1472, i. A. 
Maurer, Inc. 


deviate about ths true value. And as with all 
physical measurements, If a number of values 
will be obt-iinod and properly averaged, a 
resultant value will be obtained more dependa¬ 
ble than any of the individual values. 

The use of a number of direction finders 
Instead of only two will provide information 
which, if properly averaged, will determine the 
location of a transmitter with greater precision 
than would the bearings from any two of them. 
In fact, the bearings from a large enough 
number of instruments can provide informa¬ 
tion for a fix of any desired accuracy. But the 
difficulty is in properly averaging the bearings. 
Unlike the measurements, for example, of the 
temperature at some location by a number of 
thermometers whose readings can be averaged 
by determining a simple mesn value, the cor¬ 
rect Bearing of a transmitter from each direc- 
tion finder of a network Is in general a different 
value, and thus the tnean value of the several 
bearings from direction ftndera located at dif¬ 
ferent positions has no significance, If a meth¬ 
od for correctly averaging their readings is 
used, tbe accuracy of a d-f fix is theoretically 
limited only by the number of direction finders. 
In Appendix A of the final report’ the theory 
is fully expounded. 

VISUAL D-F EVALUATION 
The method usually employed In averaging 
the information obtalnod from a number of 
direction finders is to plot the bearings on a 
map of the region Involved, and then, by visual 
obeervation, to estimate on the map the most 
probable location of Die transmitter. This proc¬ 
ess makes use of various rules-of-thumb, geo¬ 
metrical constructions, and common-sense ap¬ 
proximations In an attempt to obtain the coor¬ 
dinates of the most probable location of the 
transmitter. The more direction finder* there 
are in a network, the leas likely is the result of 
visual evaluation to appi oach the correct aolu- 
tion of the proper averaging process. The other 
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desired value: the boundary of the "search 
region,” that is, of the smallest region in which 
to any preassigned probability the transmitter 
can be presumed to be located, cannot even be 
estimated by the visual evaluation method com¬ 
monly employed. And yet this information may 
be very important in certain situations, such 
as, for instance, upon the reception of a distress 
signal, when the size and shape of the area 
moat profitably to be searched by rescue craft 
should quickly be determined. 

'*■« CROUP D-F SYSTEM OF 
EVALUATION 

Another method to average the value* from 
several direction finders has been attempted. 
This require* that a number of direction finders 
be located ao close together tha* in effect they 
may b- considered to have the same geographi¬ 
cal location yet they must be far enough apart 
to prevent electrical coupling and to allow the 
errors In each instrument to be entirely un¬ 
correlated. Thus if half of the direction finder* 
*re grouped at one location and half at another, 
the bearings within each group may be aver¬ 
aged by simply computing the mean value, and 
the resulting two bearings are used to obtain a 
fix on a map as if eacb were from a single 
direction finder, except that each mean bearing 
should be more precise than a bearing from a 
single direction finder. As experimentally 
tested, this group d-f system has been disap¬ 
pointing. Aside from the obvious limitation of 
having only two locations, it wt* found that 
when several direction finders were placed close 
enough to be treated as at one geographical 
point (not more than 2 miles apart) the 
deviations were not statistically random, and 
so in other words the error* were correlated, 
and the mean value of the bearings taken by a 
group was not much more dependable than the 
bearing from one direction finder alone. 

*» » LSE OF THE SUMS OF THE 

SQUARES OF THE DEVIATIONS 

The requirements for properly averaging the 
bearings from a number of separated direction 
finders may be represented geometrically in 
Figure I where the dotted lines represent the 


reported bearings from three direction finders 
as plotted on a map of the region, and the solid 
lines represent assumed bearings which meet 
in a common point T. The angles b„ b„ and b, 



are the deviations between the reported bear¬ 
ings and the assumed bearings to the common 
point T. If the deviations of each direction 
finder are normally distributed (this ia de¬ 
scribed in Appendix A of the final report'), 
then the most probable location of the transmit¬ 
ter is that position of T for which the sum of 
the squares of thd deviations is a minimum. 

A method whrtdi hat been developed for 
evaluating d-f flxea\nalytic*liy on a nup com¬ 
prises a series of computations of the aums of 
the squares of the deviation angles. In the 
neighborhood of the estimated location of the 
fix, a number of points in regular pattern are 
marked. By means of a transparent protractor, 
the deviation angle of each point from the re¬ 
ported bearing line of each direction finder ia 
meaaured. These angles are then squared and 
added together for each of the points. The re¬ 
sulting value* of the »ums of the square* com¬ 
puted for each point give an indication of 
where the minimum sum would be located if an 
infinite number of points were used, 
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is* HASH PRINCIPLES OF THE. 
electrical d-f evallator 

The electrical d-f evaluator does not use any 
approximation nor are any computations re¬ 
quired during the actual evaluation process. 
Instead, it provides s mechanism whereby the 
common point T of Figure I can be moved to 
uny position and simultaneously a reading pro¬ 
portional to the sum of the squares of the 
deviation angles Is indicated on an electric 
meter. Thus by varying the position of T until 
the sum of the squares of the angles of devia- 


is a constant value (indicated by a constant 
meter reading) ia a contour of constant proba¬ 
bility density for the location of the transmit¬ 
ter, For any number of direction finders and 
any desired probability a value of this sum may 
be determined. Actually, the value of the sum 
has been computed for various probabilities 
and is provided with the evaluator in the form 
of a table. 

In the development of the evaluator, tests 
were run on various d-f networks which verified 
the requirement that deviations of direction 
finders are approximately normally distributed. 



tion is a minimum the most probable location 
of the transmitter can be determined. The con¬ 
tour which bounds the smallest region in which 
to any preassigned probability the transmitter 
can be presumed to be located may also be 
determined from the sums of the squares of the 
deviations. Each curve along which this sum 


and thus the method of least squares Is proper 
for these determinations. 

The above description assumes that the bear¬ 
ings as reported from each direction finder are 
equally dependable. In case it is known that 
the several direction finders have unequal 
precisions, the deviation angles (b„ ft., and ft. 
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of Figure 1) are weighted by dividing each by . 
the standard deviation of the respective inatru- I 
ment. In the evaluator the weighting i* (*•" ' 

formed in a circuit in which the squares of the 
deviation angles are measured, and therefore, i 
the weighting control is a measure of the 
t'urtancc, which 1* the square of the standard ■ 
deviation, 

f t BASIC MECHANISM* OF THE 
KIJSCTRICA1. D-F EVAlAJATOR 
The electrical d-f evaluator, illus rated In 
Figure 2, ia approximately the site and shape 
of the vlaual evaiuat : ng tabic* now in use by 
the Army Airways Communication System and 
the U.S. Coast Guard. It performs the opera¬ 
tions of determining the minimum value of the 
sum of th. square* of the weighed angle* of 
deviation by means of a number of protractor* 
located at point* representing the positions of 
the direction Under* on a gnomonic chart of the 
region Involved. Each protractor electrically 
measures the square of the angle between the 
reported d-f bearing* and the great-circle line 
to the common point T of Figure 1. In the 
evaluator, this point can be manually moved to 
any position on the map, and i* called the scan¬ 
ning point Each protractor is a form of poten¬ 
tiometer carrying 80-cycle alternating current 
and la constructed basically of a resistance 
atrip attached to the bearing disk which can be 
oriented to the azimuth reported by the direc¬ 
tion finder, and a wiper attached to a telescop¬ 
ing pointer arm which lead* to the scanning 
point. From each protractor a separate pointer 
arm leads to the same acanning pcint The 
resistance strip and wiper of the protractor 
are so designed that a voltage is obUined pr<w 
portional to the square of the angle measured 
by the relative position of the pointer arm from 
the reference line on the bearing disk. Exter¬ 
nal to the protractor is a selector switch which 
permits the 60-cycle current to each protractor 
resistance strip to be so regulated that the volt¬ 
age from each can be weighted according to 
the variance of the direction finder represent¬ 
ing the protractor. The vo'tage from each pro¬ 
tractor is applied to the primary of one of a 
bank of "summation transformers.” The sec¬ 
ondaries of these summation transformers are 


in series, and the series output ia applied to the 
grid >i . vacuum-tube amplifier whose ampli¬ 
fication Is variable in five step*. The output of 
this amplifier actuates the "summation meter, 
and this is tho meter whose reading is propor¬ 
tional to the sum of the squares of the weighted 
deviation angles. 


Because each protractor is * fairly large 
ciinmonenl (about 4 in. In diameter) and be- 
suae direction finders are occasionally iocated 
rather cio-w together, it would not be practical 
to place nil the protractors side by side on * 
chart. In the electrical d-f evaluator tins diffi¬ 
culty is resolved by providing a number of 
deck*, permitting the different protractors to be 
located at different levels, hut each 1* directly 
below the point on the gnomonic chart repre¬ 
senting the position of its corresponding direc¬ 
tion finder. The scanning point appears as the 
reference j oint with a marking pencil at the 
end of a movable arm just above the mapion, top 
of the evaluator structure, but at each deck or 
the evsluator there is a duplicate scanning 
point attached by a horizontal pantograph and 
vertical shaft assembly to the scanning point 
so that it always remains directly below It. It 
is to the duplicate scanning points that the 
pointer arms from the various protractors are 
pivoted. 

...» GNOMONIC CHART DISTORTION 
CORRECTION 

The chart or map used with the evaluator 
must be * gnomonic'projection because only 
with such a projection are ail great circles 
represented by straight lines. This projection, 
however, has one property which presents dif¬ 
ficulties in measuring the angles of deviation 
at various parts of the map. Thia property Is 
called nonconformallty and because of it angle* 
on the surface of the earth are nut preserved 
in the fiat projection. 

To overcome this difficulty, a corrector as- 
eemtfy is employed in each protractor by which 
the angle between the wiper and the resistance 
strip i* aitcred by a cam to compensate exactly 
the gnomonic distortion, 
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D-F BEARING INPUT 

At the right end of the evaluator la a series 
of boxes called bearing-input boxes, one for each 
direction Under of the network. Each eontsina 
nn internally illuminated translucent drum 
with an engraved scale reading 0-360° which 
can be rotated by means of a 36/1 ratio bear¬ 
ing knob to the bearing reported by the corre¬ 
sponding d-f station. A flexible shaft runs from 
the bearing knob of the beuring-lnput box to 
the bearing disk of its associated protractor 
through a 86/1 ratio worm to that drum and 
protractor rotate together. 

Each bearing-input box also has a 10-point 
switch by which the current to the resistance 
atrip in the protractor can be varied tu provide 
proper weighting for deviation angles accord¬ 
ing to the known dependability of the particu¬ 
lar direction finder. The weighting Is depen¬ 
dent upon the statistical history of each direc¬ 
tion finder, 

Means are provided for visual evaluation In 
case a breakdown occurs of the electromechani¬ 
cal system. 

METHOD OF OBTAINING 
THE DESIRED DATA 

When all the reported bearings have been 
entered into the bearing-input boxes and the 
variance awitches are at their proper positions, 
thi operator movea a vertical pencil on the end 
of a pantograph arm above the map. With one 
hand controlling the aensitivlty of the summa¬ 
tion amplifier, the pencil Is moved until a 
minimum Is notad on a summation meter. A 
mark ia made on the map at this point. Then 
the pencil is moved perpendicularly to the first 
straight line and a new motion described 
parallel to the first line and a mark made when 
a new minimum ia found. Now on a line join¬ 
ing these two points a third minimum will be 
found. It will be very close to the most probable 
location of the transmitter. The pencil may bo 
caused to deacribs short motions about this 
point to find an absolute minimum and this 
will locate the most probable location of the 
transmitter. 

Means are provided for rejecting ’‘wild" 
bearings. In the contractor’s final report' sre 


given a procedure for describing the boundtry 
of search regions of any given probability, and 
statistical data resulting from field testa on 
east and west coasts; also the report gives 
consideration to further development* of the 
electrical-evaluator circuits, directions for 
making the cams, the use of servo mechanisms 
to eliminate the manual manipulation of the 
protractors, and to meana of making the com¬ 
putations required automatic. 
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Chapter 16 


A STUDY OF SFERICS 


Tli. work on thi. project* we. divided Into two pert.. 
TV flr.t wet e torv.j of exiitinf literature on the 
.ubjeet of etmoepherlce end their reietion to weather 
informetion; the second contitted In tht operetion of 
two radio irtatlotu In New Mexico In cooperation with 
th. Signal Corp. to gather vitueJ, alertrieat, meteoro¬ 
logical, and photographic data on local thunderstorm. 
Whila the contractor submitted completion reports” 
covering both phase, of the project, the .uromary fol¬ 
lowing ia condensed onlv from the on.‘ covering the 
experimental operatlcna. 


INTRODUCTION 

T HE purpose of this project was to gather 
an much data as possible on thunderstorms 
snd the types of sferica (atmospherics) they 
produced with ths object of answering the fol¬ 
lowing questions. 

1. Can thunderstorms be located accurately? 

2. Given a distribution of thunderstorms, 
can the weather situation be analyzed? 

3, Are there characteristics of sferic signals 
which can be associated with storms of definite 
type or energy which will supplement or clarify 
the information obtained from geographical 
distribution of storms? 

4. Iii any given region do thunderstorms oc¬ 
cur with such frequency that the sferic direc¬ 
tion-finding technique can be profitable? 

The project consisted of two parts, a survey 
of the pertinent literature available and an ex¬ 
ploratory experimental program. Only the ex¬ 
perimental program Is described herein. 


ti» EQUIPMENT UTILIZED 

Two olwervlng stations were set up, one at 
the University of New Mexico in Albuquerque 
and one on top of the Sandia Mountains. The 

•Project IS-116, Contract OEMsr-1486. UMv.rutty 
of New Mexico. 


Signal Corps provided a mobile-unit-equipped 
sferic-waveform and d-f apparatus which was 
located st various distances from 80 to 1,600 
km from the University station. The ohserva- 
tlonsl dsta on lightning flashes were synchro¬ 
nised with the sferic records in the mobile unit 
by means of radio signals, The Signal Corps 
also provided waveform and d-f apparatus for 
use at the University and a B-17 plane with 
equipment similar to that in the mobile unit. 
The plane was not continuously available 
during the time of the project. 

Each Btation was equipped with an electrical 
potential gradient change recorder consisting 
of an exposed insulated electrode connected to 
a quartz string electrometer and to ground 
through a high resistance.' The time constant 
of the system was chosen so that gradient 
changes due to lightning strokes occurring with¬ 
in a fevr hundredths or tenths of seconds 
produced large electromeler deflections hut 
alow gradient changes of seconds' duration 
produced no deflections. The gradient changes 
(electrometer deflections) were recorded on a 
16-mm film moving at constant speed past s 
alit 0.002 in. wide. The instruments were suf¬ 
ficiently sensitive to record gradient changes 
due to lightning strokes wilhln a radius of 26 
miles and fast enough to resolve gradient 
changes due to repeated elements of lightning 
flashes. 

Each station also was provided with a tape 
recorder on which the time, type, and azimuth 
of lightning flashes and the time of the thunder 
were recorded. Frequent time signals and 
lightning atroke signals were keyed on the 
gradient change recorders and simultaneously 
transmitted by radio to the mobile unit to 
synchronize the several records. In addition, 
each station was equipped wllh an alidade to 
measure storm and lightning flash azimuth and 
cloud base and top elevation snglea. 

Time lapse photographs of cloud development 
were taken from each station. 
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SFEBKS 


Mobile Unit 

The sferic d-f equipment in tha mobiie unit 
consisted of AN GRD-l apparatus' made up of 
two square loops mounted at right angle* for 
detecting perpendicular component* of the in¬ 
coming signals. The separate amplifiers were 
properly phased and the component aignala im- 
prr.ued on the horizontal and vertical pistes 
of a cathode-ray tube. The s"ts were tuned to a 
frequency of approximately 10 kc. 

The aferic waveform equipment consisted of 
n vertical 36-ft antenna, an aperiodic antenna 
circuit, an amplifier with nearly constant am¬ 
plification up to about 200 kc, a cathode-ray 
tube, and a triggering circuit. The latter started 
tho sweep after the sferic was received with a 
delay of about 6 iinec. The amplified sferic 


nala was mounted between the scopes, The film 
moved continuously at a rate of approximately 
2 in. per second. 

i*» OBSERVED WAVEFORMS AND 
STORM DISTANCE 

The waveform* observed can be divided into 
three princii>al type*. 

1, A .aeries of prominent, easily distinguished 
features (e.g., maxima, sharp breaks), usually 
with amplitudes decreasing in a fairly regular 
fashion forming a repeated pattern. The usual 
sweep with l.SOO-,^ec time base showed from 
two to five such features. The interval between 
the featurea characteristically increased from 
100 to 200 >tsec it the beginning of the trace to 
<00 to 500 A*ec at the end of the trace. 



was impressed on the vertical piates so that the 
cathode-ray tube trace represented the field 
variations of the sferic signal with time. The 
time base or sweep used varied between 1,500 
and 2,000 >jec, The sweep was calibrated hy 
impressing 10-kc or 20-kc sinusoidal signals of 
various amplitudes on the apparatus. A biock 
diagram of the d-f and waveform equipment is 
given in Figure 1. 

Both the d-f and waveform scopes were 
photographed simultaneously by a 35-mm 
camera. A signal lamp for synchronizing aig- 


2. A series of prominent features with leas 
regular intervals and greater amplitude veria. 
tion than in the first type. The waveform fre¬ 
quently suggested an interference pattern 
formed by two or more superimposed pulses or 
oscillations. 

3, Very complicated waveforms with varying 
amplitude and with intervals between maxima 
from 10 to 100 pace. 

Waveforms of Type 1 were analyzed accord¬ 
ing to the suggestions of Laby’ an*. Schouland" 
on the assumption that the pulses or oscillations 


CONFIDENTIAL 




were due to multiple reflection* between earth 
and ionosphere. According to thia hypothesis 
the time of transit of an electromagnetic dis¬ 
turbance from a lightning stroke to the observ¬ 
ing station is 

/. <4i.W + d’>'* 

where c ia the velocity of propagation of the 
disturbance; 

h ia the height of the ionosphere; 
d i* the great circle distance between 
source and observer; 
n i* the number of reflection* at the 
lonoaphere experienced by the pul»e. 

The time between the arrival of a pulse 
which has been reflected at the ionosphere n 
times and one which has been reflected n - 1 
times is 

it. - I |(4n‘*‘ + d' jjl(n 1)’*’ + •!’j 'I* 

In the analysis of the sferic waveform*, the 
procedure was to choose distinguishable re¬ 
peated parts of the pattern (maxima, minima, 
sharp breaks, etc.), measure the time intervals 
between them, and calculate h and d by the 
above formula. 


for by multiple reflections from an ionosphere 
90 am in height suggesting a storm to the east 
where the path of the sferiCH would be In the 
dark. The largest concentration of directions 
lay between 80 and 90° azimuth with a maxi¬ 
mum at 85-. The calculated distance of the 
source* was 1.375 * 100 km. The storms pro¬ 
ducing the aferics were thus located within 
120 km of the center of Arkanaas. Weather 
data of the date ahowed that a number of 
thunderf'.orms occurred along a cold front ex¬ 
tending from Arkansas to Pennsylvania. At the 
time the recorda were made a storm was in 
progress at Little Rock. Arkansas. Thus the 
location of the storm at this site without previ¬ 
ous knowledge of Its existence on the part of 
those analyzing the records offers convincing 
evidence of the validity of the multiple reflec- 
tion hypothesis. 

Lightning Flashes and Storm Character 
A study of the visual and electrical potential 
gradient change records of lightning strokes 
in storm* near Albuquerque during August and 
September, 1945. yielded some interesting pre¬ 
liminary results. In this group of alorms. the 
frontal storms were more intense, they had a 


Taslv? 1. Results of waveform ssalyels. 


RESULTS OF ANALYSES 


greater stroke frequency, a relatively larger 
number of cioud-ground strokes, and a larger 


are »w»r..d by further atudie, .... entire 
dijdo.ed many simple p.ttern, which, upon thunder.lonn re^.n. .nd in diferent ebni.tlc 
analysis, indicted that they could be accounted reyiona. there ia a poasibility of deterrmmmt 
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storm types as well as storm distance from 
aferiea waveform records. 


“* GENF.RA1. CONCLUSIONS 

1. Sferic signals from lightning flashes ex¬ 
perience multiple reflection between the iono¬ 
sphere and earth. The repeated pattern wave¬ 
form produced by sferic pulses which travel 
paths of different length due to different num¬ 
bers of Ionospheric reflections may be used to 
calculate rhe height of the ionosphere and the 
distance of the flash from the observing station. 

2. The use of waveform equipment to deter¬ 
mine lightning flash distance In conjunction 


with equipment to measure direction and sense 
of the aferic aignal makes poaaibie location of 
thunderstorms from a single station. A 
thorough teat of this technique should be made. 

3. Preliminary result* on a small group of 
thunderstorms In one climatic region indicate 
that frontal and nonfrontal storms differ In 
lightning flash frequency, relative number of 
cloud-ground and cloud-cloud flashes, number 
of repeated elementa in cloud-ground flashes, 
and the duration of cloud-ground flashes. 

4. The great advantage of determining storm 
type or Intensity from sferics records indicates 
that the preliminary results should be checked 
and extended by observations on storms in 
several climatic regions. 
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Chapter 17 


ANTENNA PATTERNS FOR AIRCRAFT 


Studies and experimental Investigations in connection 
with antenna psttema (or aircraft and tanks sa a func¬ 
tion of location at the antenna, frequencies employed, 
etc,, also development of the ''rmdei" technique for 
studying aircraft antenna impedances and patterns. 
This eunlract was administered by Division 13 until 
April 1, 1(141, when it was transferred to Division IB. 


INTRODUCTION 

P ROJECT CIl- wan Initiated by NDRC at 
the request of Aircraft Radio Laboratory. 
Wright Field, to achieve the following princi¬ 
pal aim*. 

1. To investigate methods for measuring 
antenna patterna on aircraft at varloua fre¬ 
quencies. 

2. To measure the patterna of various anten 
min on various types of aircraft at various 
frequencies. 

3. To obtain general statements on the 
eiTects of aircraft structure, antenna location, 
frequency, and other factors jn the radiation 
patterns. 

4. To investigate the patterna of varioua 
special antennas and antenna arrays. 

5. To investigate methods for improving 
patterns of aircraft antennas for specific ap¬ 
plications. 

6. To investigate the construction of models 
to determine the accuracy of construction re¬ 
quired. 


"» RESULTS AC.COMPIJSHED 

Although measurements of aircraft patterns 
using models had been made for several years 

• Project CIl, CunUact No. NDCr*-H)0. Ohio State 
UnWeralty. 


prior to the start of this project, the measure 
ments were limited to simple types of antennas 
and to an upper frequency of about 600 me. 
Under the project, techniques and equipment 
we r e developed to extend the model method* to 
a greater variety of structure* and to cover 
greater frequency ranges. After the equipment 
and technique* had been developed to the point 
wher' routine meaturementt couid be made, at 
frequenciea as high as 10,000 me, patterna of 
various antennas were investigated to deter¬ 
mine the general factors which Influence the 
patterna it was found possible to predict the 
general feature of patterns of aimpie type* of 
aircraft antennas. 

Modeling techniques were applied to a 
variety of spenai problems and It Is believed 
that these applications are new. Methods for 
measuring propeller modulation and for 
measuring eilipticity of polarisation of aircraft 
antenna* were developed. Modeling techniques 
were applied in the investigation of a tank an¬ 
tenna problem. The possibility of using modeia 
for measuring radar echoes from aircraft was 
considered and development of methods started. 
Methods using models for measuring the im¬ 
pedances of aircraft antennas weie investi¬ 
gated. 

The research program outlined above was 
requested by Wright Fieid in order to develop 
the mod 1 technique for use a* a tool in the de¬ 
sign of aircraft antennas to meet definite speci¬ 
fications. Model* were used in the investiga¬ 
tion in preference to full-scale tirciaft since 
they furu sh more information with less labor, 
time and cost. The fact tiiat the actual airplane 
ia not always available for antenna tests also 
was an important factor. 

The information and techniques developed 
on thi reject were used in the design and de¬ 
velopment of aircraft antennas for a wide 
variety of application*, 
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im PATTERNS OF ANTENNAS ON 
AI RCRAFT AT VARIOUS 
FREQUENCIES 

It is not easy to predict from theoretical con¬ 
siderations alone the approximate pattern* to 
be expected from a proposed antenna Inutalla- 
tion on an airplane. The relative importance 
of reflection and diffraction effect* and the 
nature of the current distributions on the sur¬ 
face* of the aircraft are difficult to estimate 
If sufficient antenna pattern* measured under 
* wide range of conditions are available, It be¬ 
comes possible to make a better eatlmate il an 
antenna pattern. To provide such pattern*, a 
group of patterns ha* been obtained over a 
wide frequency range for simple antennaa 
mounted on vartoui type* of aircraft. 

Only the pattern* for the principal plan"* 
have been measured. It hai been found that 



principal plane pattern* are almost as useful 
a* complete three-dimensional patterns, and 
much easier to obtain. The orientations of the 
coordinate planes with respect to the aircraft 
are shown in Figure 1. 

The following is a liat of the patterns In¬ 


cluded with the contractor's final report dated 
August 24, 1943. ‘ 

B-I7F 

A 4-ft whip antenna on the lower frequen¬ 
cies and a a/ 4 atub at 15, 25, 35, 50, 75, 100, 
150, and 200 me. the nntennas being located 
(I) directly ahead of the bomb bays, project¬ 
ing vertically downward, (2) directly behind 
the bomb bay*, projecting vertically downward, 
(3) 4 ft ahead of thr leading edge of the hori¬ 
zontal atabllizer, projecting vertically down' 
ward from the belly of the ship, and (4) cen¬ 
tered on wings on top of fuselage, projecting 
vertically upward. 

A-20-A 

A A/4 stub sntenna on top of the fuselage, 
Immediately above the trailing edge of the 
wing at 50, 100, and 200 me. 

P-38 

A 4-ft whip antenna projecting forward 
from the nose at 50, 100, 150, and 200 me. 

P-47 

A 4-ft whip sntenna ju»t behind the pilot’* 
cockpit at 50, 100, and 200 me. 

B-25 

Two typea of antenna*, a a/4 stub and a A/2 
coaxial-type d'pole at 100 and 200 me. The an¬ 
tennas were mounted In two locations, on top 
of the fuselage, first ju*t above the leading 
edge of the wing, *nd then above the trailing 
edge. 


its TYPICAL ANTENNA PATTERNS 

In making the measurements only half of the 
pattern was meaaured In those cases where 
symmetry could be assumed. The symmetry 
was checked in several of the patterns and 
found to be adequate. 

In Figures 2 and 3 the row of patterns on the 
left Is for the plane 9 90°, the center row 

for the plant defined by * - 0° and ISO”, and 
the right-hand row for the plane 4 90° md 
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Ficcu 2 Antennn pnttwnn for 4-ft ntub on bnlly of B-17F dirrctly in front of bomb b»y*. Dotted lino Indicate 
vnrticnl polarisation, Bt; full linen Indicat* horitontal polarisation, E*. 


270°. In Figures 4 and 5 the pattern* for The principal plane pattern* in tiny hori* 
angles 10° below the horizon (8 100^) have zontil row In Figures 2 and 3 are plotted on 
been plotted also. the basis of a constant power input and there* 
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naiiRK S. Antenn* p»tttn« of 4 (tub on belly of B-17F directly In front of bomb b»y». Dotted tin** Indicnt* 
vertical polarisation. £•; full line* Indie* « horlxontal polarftation, B*. 


lore may be directly compmred. It i« not per- twin* whose pattern is to be estimated are com- 
missible to make direct comparlsions of reia- pared to determine the amount of diffraction 
tive siRital strengths between patterns in dif- and reflection to be expected. If the current 
rerent row?, distribution on the sntenns i* expected to dif- 

The pat* >rn of any simple antenna mounted ter considerably from thst obtaining on the 
on an airplane may be estimated with the aid stubs used in these measurements, due allow- 
of these sample pattern*. The sample patterns ince for its effects on the pattern must be. 
which approximate the conditions of the an- made. It will be found, however, that the 
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sample patterns will be approximately correct 
for linear antennae of length* from a small 
fraction of a wavelength up to roughly %*. 

A* an additional aid in estimating antenna 
patterns, a number of patterns were meaiured 
on a V 4 stub mounted on a prolate spheroid, 
which approximates a fuselage. It is apparent 
from the patterns in Figures 6 and 7 that their 
shapes are determined more by the nature of 


the current distribution on the spheroid than 
by the current diatrlbution on the antenna. 


»•* METHOD OF MEASUREMENT 
EMPLOYED 

A fairly adequate description of the princi¬ 
pal methods employed in measuring antenns 


CONFIDENTIAL 




20fl _ ANTENNA PATTERNS FOR AiacSAFT _ 

patterns with modeht is (riven in the Anal re- the other hand, the vibrator method hu certain 
port dated August 81, 1942.' A lew minor disadvantages 

changes were made as a result of experience 1. The amount of modulation obtainable 
The vibrator method described briefly below with a commercial vibrator Is very low at fre- 
haa certain advantages over other methods quencies about 2,000 me due to unavoidable 
e*poc!s!?y in certain applications. The fact atray reactances and loaaea in the vibrator. 





mg itub »t 200 me directly ahovs Indici «die of wteg of B 2J. Doited lion Indicate »*r- 
LV fulMlow Indicate horittmW/ yalarisation, E, 


that no connecting wires to the model are re¬ 
quired Is of particular advantage in some 
measurements. The phasing adjustment offers 
possibilities for Investigating the cifipticity of 
polarisation of radiation from an antenna. On 


2. The need for phasing the system for each 
reading increases the time required to measure 
a pattern compared to other methods. It is 
possible, probably, to eliminate this phasing 
adjustment. 
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3. The signal level* obtained are low, and 
the system ia rather sensitive to changes in 
component*. 



Fiona* «. Pittirni obtained from a/4 »tob pro¬ 
jecting from on« <nd of proiiu iphcmld I.SiM cm 
In dlmen«lon«> verticil poiirUitlon, 


current which How* in th< model antenna la 
modulated by connecting a periodically vary¬ 
ing impedance (tuned vibrator) to the termi¬ 
nals of the antenna. As a consequence of the 
variations in antenna current, a modulated 
wave is re-radiated. Some of the rc-radiated 
energy re-enlera the transmitting antenna 
system where it ia picked up by a receiver sen¬ 
sitive to modulation oniy. Since there are two 
signaia entering the receiver, the audio output 
of the receiver depends upon their reiative 
phase. The phase may be varied by adjusting 
the separation between the model and the trans¬ 
mitting antenna. Variations in the adjustment 
for proper phasing (maximum audio output) 
yield information on phase variations in the 
field re-radiated from the model. 


,T " The New Method 

The method employed for the majority of the 
pattern measurements uses a bolometer (Little- 
fuse) detector as a receiver In the modei to de¬ 
tect modulated signal*; from a horn radiator. 
Small wires are used to connect the output of 




Ficus* 7. Pitt* mu of V 4 ituh on tide at profit* iphiroid, 18*80 cm In dimension, pinllil to minor ixii; 
verticil poll nut! on. 


”*•* The Vibrator Method 

An unmodulated transmitter produces a rel¬ 
atively uniform field in the region occupied by 
the model exciting the model antenna. The 


the receiver to the observing position. Pro¬ 
vided suitable precautions are taken, the dis¬ 
tortion of the antenna pattern due to the 
presence of these wires in the field can be kept 
small. For antennas of low efficiency, the out- 
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put of ■ bolometer ia rather low so that a sili- 
con crystal detector la usually substituted. 

The output of moat detectors is essentially 
proportional to the square of the input voltage. 
Since antenna patterna are usually -'ott-a on 
u voltage basia (to accommodata th? largo vari¬ 
ation! in aignala found in most patterns) it is 
necessary to take the square root of the volt¬ 
age output of the receiver. An amplifier which 
doei thl* automatically hcc been instructed. 
It la essentially a logarithmic 60-hc amplifier 
whose components have been adjusted to give 
the desired square root charactsriatic. 

The model aupporting atructure described on 
page 34 of the final report dated August 81, 
1942,' Is now used exclusively. Selsyn Indicators 
give a remote indication of the rotational posi¬ 
tion of the horizontal member. The horn radia¬ 
tor Is on rollers to allow complete freedom of 
rotation about Its longitudinal axis. 


most important being the necessity for chang¬ 
ing the length of the skirt with each frequency 
change. Also, the length of the skirt Is quite 
critical If the antenna Impedance is high. It ia 
often difficult to find space In a model for the 
matching section. 

A modification of this method is shown In 
Figure 9. A sliding polystyrene plug Inserted in 



Piotnta 9. Tunable eoaxist skirt ••• 


it- PATTERNS OF BALANCED 
ANTENNAS 

Patterns of antennas requiring a balanced 
feed cannot be measured as simply as those 
using a coaxial-feed system. Particular care 
must be taken to assure a balance In the cur¬ 
rents on the feed line otherwise stray currents 
appear on the outer shield, distorting the 
measured pattern. 

Since the measuring equipment was original¬ 
ly designed for use wilh coaxial lines, the first 
method used on balanced antennas employed a 


i n — a (MU 4IS «v* 


A/4 skirt or balancing section on the end of a 
coaxial iine to obtain the phase reversal re¬ 
quired for a balanced antenna. (See Figure 8.) 
This method has several disadvantages, the 


the aklrt unit allows some adjustment of the 
tuning of the skirt. The tuning range is rather 
restricted, however, and there la no good cri¬ 
terion for proper tuning. 

The next method tried used a balanced sys¬ 
tem throughout. Shielded-pair transmission 
lines and balanced detectors were constructed, 
as shown In Figure 10. Two coaxial tuners 



were used at the detector to allow adjuatment 
of balance since the detectors were not quite 
symmetrical mechanically. This method was 
found to be satisfactory for a wider range of 
antenna impedance* than the previous methods. 
There was still a lack of a criterion for proper 
tuning, however. 

A system which achieved greater mechanical 


wissLCpr-' 
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«nd electrical symmetry is shown in Figure 11. 
A twin-iine tuner *nd dual detectors were used. 
The two bolometers were connected In series 
(or the Audio output. This equipment was rel¬ 
atively satisfactory. 



A system which uses a resonator to couple 
an unbalanced detector to a balanced transmis¬ 
sion line la ahown in Figure 12. This avoids 
the difficulties encountered III constructing bal¬ 
anced detectors. 


-== 
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"•» PROPELLER MODULATION 

Preliminary testa were made to determine 
the feasibility of using models to study pro¬ 
peller modulation. For a given direction of 


propagation of the signal, it is possible to oil- 
sene the variation in signal when the propeller 
Is oriented in various directions. From the 
maximum and minimum signals observed It is 
possible to determine the percentage of modula¬ 
tion due to the propeller. 

MEASUREMENTS ON ELLIPTIC AI.I.Y 
POLARIZED FIELDS 

Radiation from even simple stub antennas 
mounted on aircraft is eliiptically polarized at 
the higher frequencies. It Is to be expected, 
therefore, that measurements of the ellipticity 
of the radiation would yield information of 
value in interpretations of patterns. 

The major and minor axes of the ellipse of 
polarizations at any given point in a field can 
be readily measured by rotating a linrariy po¬ 
larized antenna to determine the maximum and 
minimum signals. If the field is linearly poia 
rized the minimum signal will be zero. If the 
field ia circularly polarized there will be neither 
a maximum nor a minimum. To determine the 
direction of rotation of the electric vector 
around the ellipse special measurements are re¬ 
quired. The phasing adjustment used In the 
vibrator method for measuring antenna pat¬ 
terns makes its dc‘ jrmlnatlon possible. 

Measurements have been made of the ellip¬ 
ticity of the field radiated from a simple vertical 
stub antenna located to the rear of the cockpit 
of a P-40 at 160 me. The data obtained are 
tabulated in Table I of Appendix I (report 
dated August SI, 1942).’ Table I1‘ was ob¬ 
tained from measurements of the field radiated 
from a A/4 stub autenna located on the aide of 
a prolate spheroid parallel to a minor axis of 
the spheroid. There ia a considerable amount 
of ellipl icaiiy polarized radiation in directions 
not In the planes of symmetry. The direction 
of rotation of the polarization was not measured 
In the pattern for (he P-40. 

'»• THE SIMULATION OF OIEIJCTRICS 
IN MODELS 

An accurate of a dielectric in a 

model is obtained by using a material whose 
dielectric constant is the same and whose cor- 
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ductlvlty b„ tod, increawd by .b, tear by W •!«»«, I* 
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soluble materials were not readily available, 
an investigation waa conducted to determine 


in certain «pwi»i .a — -- 

plastics such as Plexiglas. The enclosures used 
antennas, such as loops and high-fre- 



, = Blix 10 “ emu ) 


methods for constructing approximate models 
for pattern measuremenU. The modeling of 
plywood, such as is used for constructing cargo- 


quency radar antennas, sometimes affect the 
pattern of the antenna. 

The precise calculation of the effect of a 
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curved dielectric surface, *uch as a plywood 
fuselage, on the propagation of waves radiated 
from an antenna ia difficult and involves too 
much labor to be practical. Much useful infor¬ 
mation Is obtainable, however, from the aimpier 
calculation involving plane waves and plane 
surfaces. 1 

The reflection coefficient for a 2-cm layer of 
plywood was calculated for a number of angles 
of incidence and for both vertical and hori¬ 
zontal polarization. The values for dielectric 
constant « and the conductivity - were obtained 
by averaging published values from a number 
of sourees. At the time of the calculation* the 

o of Roberts and Von Hippel 1 wa« not avail¬ 
able. The results of the calculation . arc shown 
in Figure 13. An examination of these figures 
shows that there Is negligible reflection for 
wavelengths longer than about 10 meters. As 
the wavelength is decreased below 10 meters 
the reflection increases to a m*ximum in the 
region around 15 cm. Beyond 15 cm the reflec¬ 
tion coefficient exhibits alternate maxima and 
minima, the plywood acting as * pure dielec¬ 
tric reflector, 

For antennas which operate at wavelengths 
longer than 10 meters the plywood may be ex¬ 
pected to have but small influence on the an¬ 
tenna pattern. Consequently it is not necessary 
to model the plywood at ail. It will be necessary 
to model any conducting materials In the field of 
the antenna, such as the motors and gas tanks. 

For the regton from 15 cm to shorter wave¬ 
lengths, a reasonably accurate model may be 
obtained using plywood of proper thickness In 
the model, since the conductivity becomes un¬ 
important. 

For the region between 15 cm and 10 meters, 
the situation i* not so favorable. Reflections 
from the surfaces of the aircraft may have 
considerable influence on an antenna pattern. 
The model should be constructed of materials 
having the correct constants If accurate results 
are desired. An approximation to the pattern 
may be obtained by using a plywood model, and 
the results will usually be good enough to Indi¬ 
cate the general performance of the antenna 
system. The errors in the pattern will depend 
on bow much the waves reflected from the ply¬ 
wood surfaces contribute to the antenna pat¬ 
tern. 


u.i. TANK aNTKNNA PATTERN* 

The following investigation was undertaken 
to determine a method for measuring the 
patterns of certain high-frequency antennae 
mounted on a medium tank. It was considered 
necessary to include the effect on the patterns 
of the finitely conducting ground in the neigh¬ 
borhood of the tank. 

u.ii TIIK MODEL TECHNIQUE 

The characteristics of the ground on which a 
tank it located may influence the pattern of an 
antenna on the tank in two ways. The most 
Important effect at high frequencies i» the 
change in the pattern due to reflections from 
the surface of the earth. Of lesser importance, 
generally, is the effect of the ground on the 
current distribution on the antenna and on the 
tank. 

An electromagnetic wave Incident on a sur¬ 
face of finite conductivity and dielectric con¬ 
stant la ordinarily reflected with a change in 
magnitude and phase and possibly a change In 
polarization. The wave received at any point in 
space from an antenna near the earth's surface 
will be the vector sum of a direct wave plus a 
wave reflected from the surface. Because of 
the change in phase on reflection and because 
of the difference In path traversed, the phase 
difference between the direct and reflected 
waves at a point in space will depend on the 
relation of the point to the antenna. 

An accurate simulation of the constants of 
the ground could be obtained for model mea¬ 
surement* by using a model ground constructed 
of a material whose dielectric constant equals 
that of the earth and whose conductivity is In¬ 
creased by the factor by which the dimensions 
in the model are reduced. Suitahle materials 
of these characteristics were not readily avail¬ 
able, although there was s possibility of ob¬ 
taining them by loading rubber with a large 
amount of carbon. Mechanical difficulties in 
the m> del equipment made it dealrahle to ob¬ 
tain the patterns by other means If possible. 

The antennas of principal interest operated 
at frequencies sufficiently high *o that it could 
reasonably be assumed that the presence of 
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the ground had only t negligible effect in de¬ 
termining the current distribution on the an¬ 
tenna and on the tank. If, therefore, the model 
tank is suspended in free apace, it can be as¬ 



sumed that the current distribution la un¬ 
changed, It thus becomes possible to meaaure 
the pattern of the current distribution in free 
space. From theoretical considerations, an es- 


FO^AIBCBAFT_ - _ 

timate of the pattern Including the effect of 
the ground can then be made. 

Free-space pattern measurements were made 
on . stub-type antenna mounted on a medium 
tank in two positlona (positions marked A and 
C In Figure 14). l l.otographa of three-dimen- 
aioual models of the patterns appear In Fig¬ 
ures 15 and 16. The patterns In Figure 16 
show the influence of the position of the turret 
on the pattern, since the turret it not located 
symmetrically on the tank. The frequency uned 
in these measurements was such as to make the 
height of the tank about 6 a. 



Tho free-space patterns can be modified to 
obtain an approximation to the true pattern 
including the effect of ground reflections. An 
examination of the pattern ip. Figure 15 shows 
that there Is very little energy radiated at 
angles more than about 20° below the horizon, 
owing to the large surfaces of the tank body. 
Only those waves Included in the region from 
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the horizon to 20‘ below the horizon can there- erage magnitude of the signal in the region 0° 
fore be expected to Influence the pattern after to 20° in the measured free-space pattern oy 
reflection from the ground. Since the angle the pattern for the corresponding region for 



of reflection Is equal to the angle of Incidence, 
only the pattern In the region up to 20° above 
the horizon will be dlatorted by the ground re¬ 



flection!. For angles greater than this, the 
measured patterns are probably about correct. 
For angles up to 20° above the horizon, the 



Florin 1*. Pattern of vertical *tub antenna on 
small turret. 


measured pattern must be modified to Include 
the ground reflections. By multiplying the sv- 


the dipole, an approximation to the true pat¬ 
tern is obUined. The calculated pattern for an 
infinitesimal dipole located 5 a above an average 
earth it shown n Figure 17. Figure 18 shows 
a pattern wnich has been modified In this wsy. 

ini PATTERNS FOR A CURVED 
ANTENNA ON A MEDIUM TANK 

An examination of the patterns In Figures 
>6 and 1« shows that there la a severe cone of 
silence along the axis of the antenns. As this 
con* of silence might be deleterious in the care 
ot tank-to-plsnc communications, a curved an¬ 
tenna was Investigated to see if the cone of 
silence could be eliminated. Measured free- 
space patterns indicated that a more uniform 
distribution of signs, was obtained with this 
antenna. While there is some energy in the 
horizontally polarized component, it was not 
important enough to warrant measurement. 
The presence of the ground will have about the 
same effect on the pattern of this antenna as 
on the pattern for the stub discussed above. 
The exact shape of the antenna to produce the 
uniform distribution of signal la not too Im¬ 
portant, provided only that an appreciable com¬ 
ponent of the axis of the antenna la horizontal. 
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•1.1. IMPEDANCE measurements by 
MEANS OF MODELS 

In designing *n antenna for a specific appii- 
cation there are generally two electrical frctora 
which have to be considered, the pattern and 
the impedance characteristic*. Formaoy appli¬ 
cation* It i* possible to design the antenna to 
produce the desired pattern and to accept what¬ 
ever Impedance character'.stica result. There 
are many applications, particularly broad-band 
antenna*, where it la not permissible to chooac 
the one characteristic independently. To be 
able to correlate the pattern with the impe¬ 
dance characteristic! it waa felt deairable to 
attempt measurement of antenna impedances 
by mean* of model*. After a review of the 
principal methods deacribed In the literature 
for measuring impedance* at ultra-high fre¬ 
quencies, the standing-wave method and a 
modification of Chlpman’* method offered most 
promise of being adaptable to the problem. 

Equipment waa constructed for making 
standing-wave measurement* in the frequency 
range 800 to 3,000 me. The flrat crude equip¬ 
ment revealed the necessity for very praci*e 
mechanical construction. Deviation* of the 
center conductor from the axi* of the outer 
conductor a* small as 0.001 in. caused very 
noticeable distortion* in the standing wave pat¬ 
tern. 



Fhiuu 19. Basic circuit of Chlrn'*"’» method of 
moasurina Impedance. 


Most of the development of methods has 
centered on Chlpman’a method, for which the 
basic circuit is shown in Figure 19. A sketch 
of the equipment used is shown in Figure 20. 
The antenna whose impedance Is to be mea¬ 
sured is connected to one end of a coaxial trans¬ 
mission Hne, and excited by a remotely located 


transmitting antenna. Varying the length of 
the line to obtain a resonance curve supplies 
data from which the uoknown impedance can 
be determined. An indication proportional to 
the current In the short-circuiting plunger of 
the transmission line is obtained by means of 
a small coupling loop and transmission line to 
a detector. The plunger la driven by a microm¬ 
eter drive. A silicon detector and galvanometer 
ere used for th- detector. 




The calibration of the equipment was car¬ 
ried out as follows. Owing to the dissymmetry 
introduced by the plunger, there Is some un¬ 
certainty as to the location of the origin from 
which the length of the line is measured. A 
calibration waa obtained by short-circuiting the 
antenna end of the line with a disk, and deter¬ 
mining the resonance position for the fre¬ 
quency used by feeding energy into the de¬ 
tector line. The resistance introduced by the 
detector-coupling loop (it was assumed that 
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Uie formula given by King and Blake’ haa also 
been plotted for companion, The large devia¬ 
tion from the calculated values haa been found 
by other experimenters, and so ia not conaid- 

ered serious. 


to difference in pattern. The opinion haa been 
expressed that the nature of the Impedance at 
the terminals of a receiving antenna might, af¬ 
fect the pattern. 

A rough teat of the reciprocity theorem wa» 
made by measuring the patterns of a number 
of antennaa when receiving and when trans¬ 
mitting. In no case was any attempt made to 
keep the Impedance* of the generator or the 
current indicator negligible, as required by the 
reciprocity them cm aa usually stated. The 
agreement between the receiving and trans- 


thcre is no reactance introduced since the line 
is tuned) was obtained from the resonance 
curve in the usual way with no antenna con¬ 
nected to he line. Energy was fed into the 
open end of the line by means of a probe intro¬ 
duced near the open end. 

Measurements have been made of the impe¬ 
dance of a vertical rod antenna mounted on a 
large plane conductor at 750 me. Measure¬ 
ments were made of the impedance aa a func¬ 
tion of the length of the antenna. The pro¬ 
cedure was simply to determine the position 
of the plunger for resonance and the breadth 
of the reaonance curve at the half-power point*. 

The results of the measurements are shown 
in Figures 2J and 22. A curve calculated from 


”•»* THE RECIPROCITY BETWEEN 
TRANSMITTING AND RECEIVING 
ANTENNAS 

Since some radio engineera have doubts con¬ 
cerning the validity of the reciprocity theorem 
for antenna pattern*,* it seemed desirable to 
make a rough test of it. The bails for this 
doubt lies In the feeling that known differences 
in current distribution on an antenna when 
transmitting and when receiving should lead 
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mitting patterns «u aatiafactory in all cases. 
The tnUnnM tested included A/2 linear sym¬ 
metric*! antennae, and a flat antenna mounted 
on a disk. 

The method which ha* been described for 
measuring antenna impudence* baaed on Chip- 
man's work, measures the impedance of the 
antenna when receiving. It la, therefore, im¬ 
portant to show that this impedance is the 

ne *e when transmitting. Tbe proof ia ea- 
,ntial|y that given by Franz.* Coniider any 
antenna with an impedance Z connected to ita 
terminala and under the Influence of an arbi¬ 
trary incoming wave. The wave aeta up a cur¬ 
rent I, in the impedance Z. Suppose now that 
a generator is inserted in series with Z to re¬ 
duce the current flowing in it to zero. Tha 
generator eets up a current /, which is equal 
and opposite to /, By the superposition the¬ 
orem, l, is unaffected by the presence of f„ 


and vice versa. Hence, 

/- + /.-0 (11 


where Z, Is defined aa the impedance of the 
antenna when transmitting. It follows imme¬ 
diately that the receiving antenna acts iike a 
generator of open-circuit voltage E, and in¬ 
ternal impodanre Z„ Hence the impedance of 
a receiving antenna la identically the same es 
that when transmitting. It is apnsrent that 
Thevenin'a theorem applies to a receiving an¬ 
tenna. 

Note that the equality of the currents ex¬ 
pressed in the “V'»li ,m applies only to the 
currents In the imps.'.*!«» Z. It does not imply 
that tha currents are equal over the entire 
antenna, since in general they will not be equal 
axcapt at the (arminila. 
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AIRBORNE ANTENNA DESIGN AT U-H-F AND V-H F 


Study of «nt*nn» dctlrn taking Into account direc¬ 
tional propartlra. power-handlln* capacitlea. propu*a- 
(ion at u-h-f and v-h-f frequanelel, hnrlxontal and 
vertical polarisation, broad-band antennae, aurface an¬ 
tennae, effect of the alrueture on dm*, praclpltatlon 
static, ate. The summary which followa la condenecd 
from the contractor^ Anal report,' the chief reduction 
coneiatlni In the elimination of a rreat number of fldd 
patterns, drawing and blbilocraphlcal references. 


'•* INTRODUCTION 

T he OBJECT or this project* wan to "atudy 
optimum radiation pattern* for use on or 
In aircraft in the v-h-f and u-h-f ranges front a 
communication point of view, taking into ac¬ 
count the variety of attitude* in which an air- 
plane may be when communication may be nec- 
eaaary, to study design* of antenna* required 
to realize auch optimum rediation patterns, and 
to include consideration of aerodynamic aspecU 
to the end of attaining antennas presenting 
minimum drag.” The work resulted in a report' 
containing as complete information as could be 
obtained within the specified time. 

In view of the extremely generei nature of 
these specification)-: and the short time allowed, 
it wa* not considered feasible to undertake 
special experimental or theoretical work. 
Therefore, this aummary and the final report 1 
from which it is condeneed are necessarily 
baaed upon work done for or by the various 
agencies of the Armed Service*. The hu ik of the 
work wa# performed by : 

1. The Antenna Section, Research Division, 
Aircraft Radio Laboratory, Wright Field, 
Dayton, Ohio. 

2. The Radio Teat Department. U. S. Naval 
Air Station, Patuxent River, Maryland. 

3. The Robinson Laboratory, Ohio State 
University Research Foundation. 

4. The Radio Revearch Laboratory [RRL], 
Harvard University. 

■Project 13-108, Contract No. OEHar-im, Radio 
Corporation of America. 


6 . The Radiation Laboratory fRLJ, Massa¬ 
chusetts Institute of Technology. 

6 . The Bell Telephone laboratories [RTL], 
New York City snd Deal, New Jersey. 

7. RCA Laboratories [RCAL], Rocky Point, 
Long island. 


,M GENERAL CONSIDERATIONS IN 
AIRBORNE ANTENNA DESIGN 

Since It is a rare antenna installation in 
which the transmitter or receiver can be lo¬ 
cated directly at the antenna terminals, the 
problem is usually complicated by the presence 
of a transmission line. In practice, with low- 
ioss transmission lines of essentially real char¬ 
acteristic impedance, the power transfer prob¬ 
lem is solved by so designing the transmitter 
snd the antenna that their reapertivc input 
impedance* are resistive and equal in value to 
the characteristic impedance of the line. Under 
these conditions the line is said to be "flat” or 
"matched,” the energy delivered to the line 
passing down the line in the form of * travel¬ 
ing wave, which, on reaching the antenna, is 
entirely absorbed and radiated into apace. 

When the antenna la not matched to the 
transmission iine, the incident voltage wave ia 
reflected at the antenna terminals with a 
change in magnitude and a shift in phase de¬ 
termined by the input impedance of the an¬ 
tenna relative to the characteristic Impedance 
of the iine. The effect of auch reflection is to 
set up a system of standing waves on the line, 
tlie characteristics of which are described, for 
engineering purposes, in terms of two equiva¬ 
lent quantities: the magnitude of the reflection 
coefficient K,, and the 'tending wave /atl.i 
SWR. Theae are defined j terms of the termi¬ 
nating impedance and the. voltage distribution 
on the iine by the following expressions; 


where Z, is the terminating (or antenna im- 
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pedsnce) and Z. is the characteristic Impedance 
of the line, 

and SWR - AW*™.. (2) 

where E.„ and £'„, r are the relative magni¬ 
tudes of the maximum and minimum voltage* 
in the standing wave system. 

The two quantities \K and SIPS are related 
by tbe expressions: 


\K 


SWR 1 
* HWK + 1 


and SWR 


1 + K 


(3) 


Kexmant Lines 


It ta evident from the general tranamiasion 
line equation (for lines of real Z„ and negligible 
attenuation) 


/i* 


_ j/ 9 1 an f + 

* + jZ, tail » 


U) 


that while the Input impedance Z„ of a flat or 
matched line li Independent of 0. the electrical 
length of the line, and always equal to the 
characteristic impedance of the line, the input 
Impedance of a mismatched, or resonant, line 
ia quite definitely a function of line length. If, 
at a given frequency, an antenna ia mismatched 
to an extent described by a given SWR, the 
input Impedance of the line ia determined by 
the line length through equation (4), the te¬ 
ntative and reactive components R and X of 
the Impedance assuming any values satisfying 
the equation 


<«* KV» + /,*> (.SM7f»+1> 

M' ' SWR 

which la that of a circle (of constant SWR) 
In the complex Imp-dance (R-.Y) plane, 

The effect of this dependence of input Impe¬ 
dance upon line length ia that while a given 
tranamitter may be adjusted to work directly 
into a given miamatched antenna over a range 
of frequencies, the as me transmitter may re¬ 
fuse to work Into a low-loss line terminated in 
the aame antenna, It la necessary to minimize 
the SWR by matching the antenna, if it is 
desired that a transmitter deliver energy to 
the line over an appreciable range in frequen¬ 
cies without special adjustment, the range and 
rate of variation of Input impedance being 


greater the greater the SWR and the longer 
the line, 


11 ** Effect of S If R on Line Voltage 

For a given power delivered to the antenna 
terminals, the maximum line voltage is greater 
the greater the SWR. The greater the voltage 
the greater the possibility of line failure duo 
to arc-over, particularly at connectora and other 
discontinuity in the line. Dielectric losses, 
other things being equal, are proportional to 
the square of the line voltsge; the presence of 
high SJVR on a solld-dieloctric line ia often In¬ 
dicated by local heating effects in the vicinity 
of voltage maxima, particularly near the trans¬ 
mitter end of the line. Furthermore if the line 
voltage is high and a voltage maximum hap¬ 
pens to fall at a line discontinuity the efTect of 
that discontinuity will be greater the higher 
the SWR; many an otherwise satisfactory an¬ 
tenna system has been Impaired by the unfor¬ 
tunate location of a cahle connector with re¬ 
spect to the standing wave system, Figure 1 



shows the effect of SWR «n power transfer 
at the antenna terminals, foi the mythical case 
of a lossless line. 


t«ii TrauMoissiou Line Loiws 

Losses In the polythene-filled flexible coaxial 
cable ordinarily used In aircraft antenna Instal¬ 
lations are of two general types: resistive or 
"skin-effect” losses In the cable conductors, and 
dielectric losses in the polythene. These losses 
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Introduce attenuation according to the follow¬ 
ing expressions: 


where a. i* the attenuation in db per cm due t<i 
conductor low*. 

Oi> in the alternation in Ub per cm duo to 
dielectric losses. 

</ w the skindrpth in cm. 

X in the wavelength in air in cm. 

6 in the radiua of the dielectric in cm. 
o in the radius of the inner conductor in cm. 
, in the dielectric constant of the catir 
dipiectric. .. ... , . 

tan i is the low factor of the cable dielectric. 

The sum of theae two attenuatlona ia the total 
attenuation (n r ) of the line, Since skin depth 
varies Inversely M v7. conductor losses in¬ 
crease ua v7; dielectric losses increase directly 
as the, frequency. Therefore conductor lor ?* 
are more important at low frequencies, dielec¬ 
tric losses becoming move serious at high 
frequencies; this effect ia shown In the follow¬ 
ing table applying to RG-14/U coax, a medium- 
powur cable In common use in aircraft radio. 

AucnustxMi in Hti-14 b cahlr 


The effect of line attenuation on overall effi¬ 
ciency may be made evident by the fact that as 
little as 25 feet of RG-14/U cable has sufficient 
attenuation at 3,000 me to reduce the maximum 
efficiency to less than SO per cent—-even if tha 
antenna and the transmitter are perfectly 
matched. For thia reason the use of appreciable 
lengths of solid dielectric cable Is avoided at 
frequencies in the upper u-h-f range, wave 
guides being used instead If efficiency ia re- 


'*•* * Transmitting Antenna Characteristics 

Since the weight and power capacity of air 
borne transmitter* are severely limited, the 
necessity for a low SH'K on the transmission 
line imposes rather rigid restrictions on the 
characteristics of the transmitting antenna, 
For the antenna to be efficiently matched to the 
characteriatic impedance of the line over a wide 
frequency band, its impedance must lie char¬ 
acterised by a resistance of the order of the line 
impedance, and by low and not too rapidly vary¬ 
ing reactance, These condition* are most easily 
met in practice by antennas worked against 
the skin of the plane as ground, and operated In 
the vicinity of A/4 resonance." Nonresonant 
antennae, much less than A/4 In length, do not 
make efficient transmitting antenna* 

■•a.* Electrically Short Transmitting 
Antenna* 

Vertical stub antennas worked against 
ground and less than a/ 4 long have low radia¬ 
tion resistance and large capscitatlve reactance, 
the latter rapidly varying with frequency. If it 
were desired to uBe an antenna only 0.04 a long 
for transmitting purposes, the stub, for a 
length/diameter ratio of 60:1, would have a re¬ 
sistance of about 1 ohm and a reactance of 

1,000 ohms. While such an Impedance could 
be matched to a 50-ohm line by means of a two- 
element transmission-line matching section at 
very high frequencies (where there Is no par- 
ticulsr point in using such a small antenna), at 
lower frequencies it could be matched In a prac¬ 
tical way only by a matching section of lumped 
Impedance*. An L section would perform the 
double function of tuning out the 1,000 ohma 
capacitative react*nee by means of a loading 
coil and of atepping up the 1-ohm resistance to 
look like 60 ohma. While such a matching sec¬ 
tion matches the antenna to the line, at the apot, 
frequency in queation, the frequency hand over 
which the S IVK ia less than some reasonable 
maximum, say 2.1, ia extremely small. Further- 
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more, since the loading con must necessarily 
have resistance (n Q of 2F*J baa been assumed) 
only a fraction of th-j power entering th- 
matching section w«l actually reach the an¬ 
tenna. In this example the transmitting sys¬ 
tem hse a power efficiency that is at moot 20 
per cent, and even that amall figure neglects 
transmission line losses and losses due to the 
ohmic reaiatance of the antenna and iu ground 
system. 


'**" Characteristics of l»ood Transmitting 
Antennas 

Efficient transmitting antennaa are realized 
on aircraft in the form of t 4 antennaa worked 
against the metal akin of the ship, or antennas 
of A/2 dipole-type suspended In space from the 
structural member., of the plane Even surface 
antennas, i.e„ antennas mounted inside the skin 
of the plane and radlnting through the aper¬ 
tures of slots, horns, and cavities, have critical 
dimensions of the order of A/2 nr more. Such 
antennaa have high input resistance, of the 
order of the characteristic Impedance of the 
feed line, and amall reactance which la a rela¬ 
tively slowly varying function of frequency. 


***’ Antenna Impedance Measurements 

Since the actual impedance characteristics of 
a practical v-h-f or u-h-f aircraft antenna 
rarely have more than a alight resemblance to 
theoretical impedance data, it is almost always 
necessary to determine these characteristics by 
bc tun! measurement, if optimum performance 
is desired. This ia particularly true with air¬ 
craft antennas for the lower v-h-f rsnge and 
for any antenn* located on surfaces of curva¬ 
ture comparable to the operating wavelength 
or near reflecting and resonating structures. 
In »uch cases the antenna impedance ahould be 
measured under conditiona aa nearly Identical 
as possible with those under which the sntenna 
is to be u-ed in practice. The most satisfactory 
procedure, aa far as results sre concerned, is to 
conduct these measurements on the full-scale 
ship—in flight, if necessary—with the sntenna 
complete iu all details of iU .al mounting and 


feeding a. .item. Where this is impractical, a 
poor second-best procedure ia to measure the 
antenna impedance by means of models, a 1/n- 
scale model of the antenna being installed in 
proper location on a 1/n-tcale mode! of the 
plan and its impedanee measured at n times 
the actual full-scale frequencies. This method is 
capable of good results only If great care ia 
taken in scaling all details of the antenna and 
its mounting and feed system. 

At higher frequencies, or in general for any 
aircraft sntenna mounted on or in an airplsne 
surface which constitutes a good approxima¬ 
tion to a flat ground plane for at leaat A in all 
directions, aatisfactory results may be obtained 
by means of impedance measurements made 
with the antenna worked against a ground 
plane in an ordinary laboratory setup. But in 
all cases an effort ahould be made to euaure that 
the antenna ia studied under conditions which 
closely approximate actual flight conditions. 


“*• Antenna Impedance Matching 

While satisfactory antennas for some pur¬ 
poses can be realized without knowledge of the 
antenna impedance, by trlal-and-error adjust¬ 
ment of tuning atuhs and simple matching sec¬ 
tions, modem methods of Impeoance matching 
presume a knowledge of the impedance char¬ 
acteristics of the antenna. These methods go far 
bevond the simple a/ 4 transformers and shunt 
tuners described in texts and other published 
literature. 


The Receiving Antennn Problem 

The receiving antenna problem is different 
from that of the transmitting antenna problem 
in that the former is not so much concerned 
with power transfer but with the attainment of 
a high aignal-to-noi»e ratio. This end can be 
approached in a twofold manner, by increasing 
the received signal strength and by reducing 
noise. 

Noise may be picked up by the antenna along 
with the signal or may be generated in the re¬ 
ceiver itself. In the upper h-f and lowei v-h-f 
rangea antenna noise may be large comps red to 
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that developed in the receiving circuit, but m 
the frequency increases antenna noise de¬ 
creases, until at frequencies greater than 70 or 
80 me it i* negligible compared to set noises. 
Ai far as the receiver proper Is concerned, the 
attainment of high signai-to-no!*e ratio at 
nltra-hlgh frequencies is iargely a matter of 
reducing tube and circuit noise in a cioser and 
cioacr approach to the limita ret by thermal 
agitation. 

There are many other sources of noise In air¬ 
craft radio reception aince not only the antenna 
but the akin of the ship itself are part* of the 
receiving system. If poor electrical contacts 
exist anywhere in this syatem, the vibration 
associated with normal flight is likely to result 
in reistive motion of the adjacent conductors 
at such contacts, which motion will appear in 
the receiver as noiae. Hence the necessity for 
“bonding.” Shielding is useful in reducing 
static of local origin. Antenna design features 
tending to minimise precipitation static are 
discussed elsewhere In this report. 



*■’ "* Receiving Antenna Efficiency as a 
Function of Fre-.juency 
The useful power delivered to a receiver by a 
matched resonant antenna varies Inversely as 


/■, a fact which may severely limit the range of 
u-h-f communication. This relation is shown in 
Figure 2. While the received signal may be In¬ 
creased msnyfoid by means of arraya, horns, 
or reflector*, increased gain implies increased 
directivity, and extreme directivity la not usu¬ 
ally a desirable feature in aircraft communica¬ 
tion antennna. Furthermore, aince the gain of 
* directive system is roughly proportional to its 
aperture area in square wavelengths, It is evi¬ 
dent that, except at very high frequencies, a 
practical limit to the gain of an aircraft an¬ 
tenna i» quickly reached. 


Impedance Ms lolling of Receiving 
Antennas 

The effect of antenna mismatch Is much less 
serious in receiving than in transmitting sys¬ 
tems. Receivers msy be designed to have Input 
impedances equal to the characteristic impe¬ 
dance of the feed line over very wide frequency 
bands, and in such cases, even though the an¬ 
tenna may be very badly mismatched, there wiii 
be no standing waves on the hue. The effect of 
mismatch is to reduce the signal reaching the 
receiver terminal, the loas In received signal 
voltage being a slowly increasing function of 
the degree of mismatch until the mismatch be¬ 
comes quite large. Thus an antenna system 
which would be quite impos»ible for efficient 
transmission may well be very satisfactory for 
reception. For this reason the design standards 
for receiving antennas are usually much lower 
than those for transmitting, a simple stub or 
whip much shorter than a a/ 4 often making a 
satisfactory antenna if the Held strength Is 
sufficiently high. 

Effort of Line Losses uu Line 
Input Impedance 

The effect of line attenuation i* to reduce 
the magnitude of the variation in input impe¬ 
dance of a mismatched line, with a resulting re¬ 
duction in the appsrent reflection coefficient or 
SWR looking into the line from the receiver or 
transmitter terminals. Thus the longer the line, 
and the greater Its attenuation per unit length, 
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the flatter It* input characteristic for a given 
degree of mismatch at the antenna. The effect 
nf these tosses is to make the loading of a trans¬ 
mitter or the tuning of a receiver a less critical 
function of frequency. 


■•an U,. cr ptj on of Very Weak Signal* 

In the u-h-f range, where the received signal 
ia often not much greater than the receiver 
noiss level, it may sometime* be found that a 
mismatch at the receiver will result in increased 
scnaitlvity. In auch cases It is desirable that the 


directions in space. Unless certain fairly rigid 
conditions are met, there ia uaually not much 
resemblance between the actual field pattern of 
a given antenna on aircraft and that of the 
same antenna in free space or worked against 
a flat infinite ground piane. Except for special 
case*, which are most commonly met in prac¬ 
tice only at u-h-f frequencies, it ia neceisary to 
demonatrate, by actual measurement, that the 
fieid pattern of a given installation ii satisfac¬ 
tory for the application at hand. 

A classic example of the abaoiutc necessity 
for fieid pattern measurements is shown in 
Figure 3 where the diagrams represent the 



horizontal plane 


VERTICAL FORE-AND-AFT PLANE 


ASTERN 

Fiuukk 3. Two wlr«> strung from sldti of fuselage to tip* of horizontal stabiliser, fed out of phase, horizon¬ 
tal polarisation, 100 me. 


receiving antenna be matched to the line, for 
otherwise standing waves can exist on the iine, 
with multiple reflections resulting in multiple 
signals if iine losses are l«w. 


■aaj* Radiation Characteristics of 
Airborne Antennas 

In aircraft antenna design, particularly in 
the v-h-f range, it ia necessary for the antenna 
to radiate or pick up energy in the desired 


measured horizontal plane and vertical fore- 
and-aft-plane patterns of a 100-mc V-antenna 
installed on a 4FU. The antenna consisted of 
two wires strung outward from opposite sides 
of the fuselage, aft near the tail, to the tips of 
the horizontal stabilizer. The antenna was used, 
with rather disastrous reaulta, at the start of 
the war in connection with an application which 
requires a pattern having a maximum or lobe 
in a generally forward and downward direc¬ 
tion. This antenna actually had nulls in the im¬ 
portant directions. 
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V-ll-F AND U-H F PROPAGATION 

P!ane-to-p1ane and plane-to-ground commu¬ 
nication in the v-h-f and u-h-f bands i» de¬ 
pendent almost entirely upon space-wave 
propagation, except for anomalies occurring 
under certain atmospheric conditions in which 
a sky-wave effect is introduced by “reflection” 
at the discontinuity between air masse* of dif¬ 
ferent aynoptic properties. 

iiui The Space Wave 

The space wave ia not a single wave but 
rather the resultant of a direct or line-of-aight 
wave and a wave reflected by the ground. The 
direct wave is not direct in a strict geometri¬ 
cal sense, owing to refraction in tha atmos¬ 
phere and to diffraction around the bulge of 
the earth and around other obatacies. Under 
ordinary conditions the direct-wave fleid In¬ 
tensity is subject to little more than the in- 
verse distance law attenuation of free space. 

The ground-reflected wave ia subject to all 
the laws of optical reflection and Is ordinarily 
subject to greater attenuation than the direct 
wave, since the former muRt necessarily travel 
a lunger path. For this reason, and because 
the magnitude of the reflection coefficient Is 
lest than unity except at grazing incidence, the 
amplitude of the ground-reflected wave at the 
receiver ia less than that of the direct wave. 
Since the space wave ia the resultant of two 
waves of different amplitudes and different 
phase*, it is evident that it is a complicated 
function of elevation, distance, frequency, and 
polarization. 


Ground-Reflection Coefficient* 

The nature of the ground-reflected wave ia 
determined by the ground-reflection coefficient, 
which is different for verticat and horizontal 
polarizations. For horizontal polarization (the 
electric vector normal to the plane of inci¬ 
dence) the magnitude of the reflection coeffi¬ 
cient drops steadily from unity to a smaller 
Anal value as the angle of incidence varies 
from grazing to norma) Incidence, while the 


phase of the reflection coefficient remains at 
substantially 180° for all tngle* from grazing 
incidence to normal incidence. For vertical 
polarization (the electric vector in the plane 
of incidence) the magnitude of the reflection 
coefficient drop* rapidly from unity at grazing 
incidence to a small value at a small angle to 
the horizon, rialng gradually with increasing 
angle to approximately equal to the value for 
horizontal polarization at nornwl incidence. 
Meanwhile the phase shift for vertical polariza¬ 
tion decreases rapidly from 180° at grazing 
incidence to f*0' at the angle of minimum re¬ 
flection, Anally becoming 0 for angles between 
the angle of minimum reflection and normal 
Incidence. 

Therefore the received signal In aircraft 
communication will vary with distance, eleva¬ 
tion, and frequency. 

Effect of Distance 

At diatance* small compared to the antenna 
heights the resultant Rpace-wave amplitude os¬ 
cillates about its normal free-spaec value a« 
transmission distance increases, since both the 
phase difference between the two component 
waves due to their different path lengths and 
the phase difference due to the fact that the 
ground-reflection coefficient is a function of 
angle of incidence depend upon distance. With 
increasing distance these oscillatioti* develop 
larger amplitudes, since the amplitudes of the 
two component waves approach equality as 
thdr path lengths become more nearly equal 
and since the magnitude of the ground-reflec¬ 
tion coefficient approaches unity at grazing in¬ 
cidence. But while the amplitude of the oscilla¬ 
tions increase, their frequency decreases with 
distance, since the increment in distance for a 
given phase difference becomes greater with 
increasing distance. 

At distance! large compared with the an¬ 
tenna heights, corresponding to ground reflec¬ 
tion at grazing incidence, but still above the 
llne-of-sight horizon, the received signal Is no 
longer oscillatory, but obeys almost exactly the 
inverse-square law. 

At atill larger distances the component waves 
approach phase opposition and the resultant 
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fleid drop* off more rapidly than the normal 
free-space field ns the distance Increases be¬ 
yond the optical horizon. The phenomena de¬ 
scribed above are very similar for both hori¬ 
zontal ana vertical polarization, except In the 
near region in which the distance Is of the 
same order of magnitude as the elevation of 
the antennas; in this region the oscillatory re¬ 
sultant field is more complex for vertical polar¬ 
ization owing to the greater sensitivity of the 
vertical reflection coefficient to an fie of Inci¬ 
dence, when that angle is large. 


,,J * Effect of Elevation 

The effect of elevation is quite similar to 
that of distance In the near region In which 
the height is not negligible compared to the 
transmission distance; the same oscillations in 
received signal occur In the field strength ver¬ 
sus height curve a* in the field strength versus 
distance curve, and for the same reasons. 

At greater distances, beyond the oscillatory 
region, the field strength la almost proportional 
to the product of the antenna heights. Below 
the on*i"3l horizon the field strength Is very 
sensitive to antenna height. For low heights 
field strength Is at first Independent of height, 
then increases with altitude at an accelerated 
rate until it Is directly proportional to height. 
At very great elevations (but still below the 
optical horizon) field strength increases more 
rapidly with height than as the product of the 
antenna heights. 


Effect of Frequency 

As far as the oscillatory region Is concerned 
the effect of Increasing frequency la to increase 
the number of oscillations per unit distance 
and to extend the distance over which oscilla¬ 
tions occur. This effect Is particularly pro¬ 
nounced with horizontal polarization over 
ground, ths extent of the oscillatory region 
Increasing from approximately 6 to approxi¬ 
mately 100 miles as the frequency is Increased 
from 30 to 600 me (for the case of communica¬ 
tion between a ground station and a plane at 
40,000 ft altitude). 


At greater distances, but still above the hori¬ 
zon. an increase In frequency resuits in an 
increase in fleid strength for horizontai polar¬ 
ization; for vertical polarization there ia no 
significant change. Below the optical hori-on 
(into which region the apace wave extends by 
virtue of refraction and diffraction) the field 
strength la less the higher the frequency, par¬ 
ticularly for vertical polarization. 

For aii of these reasons dependable v-h-f and 
U’h-f communication is restricted to stations 
above each other's optical horizon. Although 
this situation precludes the possibility of ex¬ 
tremely long-range communication, it is not 
nearly ao severe a restriction as might be 
expected, since plane-to-piane and plane-to- 
ground communication can extend over quite 
respectable distances. 

Figures 4 and 6 summarize the effects of 
frequency, polarization, distance, elevation, and 
nature of the ground upon high-frequency 
propagation. While these curves are based on 
calculationa for ideal short doublet antennas 
and take no account of the field pattern of an 
actual aircraft antenna, they are valuable in 
that they give a qualitative picture of how the 
controlling factors affect aircraft communica¬ 
tions. 



Figures 4 and 5, and the preceding discus¬ 
sion indicate little difference between vertical 
and horizontal polarization, as far as propa- 
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nation over land ia concerned. In the near 
region vertical polarization is preferable, since 
the deld atrength is greater and the magnitude 
of the oscillation* less pronounced. Vertical 
polarization has better transmission over sea 
water and moist soil at the lower frequencies. 



Anomalous Effect" at High 
Frequencies 

Tropospheric Reflection 
Since the velocity of propagation of u-hf 
radio wave* in air depends upon the dielectric 
constant of the atmosphere, which in turn I" 
a function of pressure, temperature, and hu¬ 
midity, it Is natural that there be a correlation 
between anomalous propagation and the pas¬ 
sage of meteorological "fronts," and with the 
existence in the upper atmosphere of any ab¬ 
normal distribution of temperature and hu¬ 
midity. Under such conditions, as the radio ray 
passes into the region of different electrical 
properties it will be refracted, perhaps suffi¬ 
ciently to return to earth, giving rise to what 
are known a* tropospheric reflections, although 
they are not reflections In the strict optical 
senae, since the discontinuity is not aharply 
defined. 

T.lAPPING OR WAVEGUIDE EFFECT 

Such reflections may make communication 
possible over much greater distances than arc 


ordinarily attained. If the discontinuity layer 
it sufficiently pronounced the radiation may 
be effectively trapped at the top of the in¬ 
version layer, the region between this layer 
and the surface of the earth acting somewhat 
like a "raveguide having large attenuation. 
Whiie this waveguide effc-T may be helpful in 
making extremely long distance communica¬ 
tion possible, it may also be a liability at 
smaller ranges, depending upon the height of 
the inversion in the stratified atmosphere, due 
to Interference between the ordinary snace 
wave and this pseudo sky wave. 

Fading at U-HF 

This Interference result a in fading, which 
may vary with time as well as with altitude 
and distance, due to the relative motion of the 
two air masses resulting in shifting of the posi¬ 
tion of the discontinuity layer. 

Fading and trapping are generally more pro¬ 
nounced the higher the frequency, partly be¬ 
cause directive antennas are usually used for 
both transmission and reception at the higher 
frequencies; and since the sharper the radio 
beam the greater the fraction of energy re¬ 
flected by the discontinullies, and the more 
apparent their effects. * 

At preaent there is no conclusive evidence 
that either polarizat ; on is less affected by at¬ 
mospheric di*i urbam ea. 


Static at V-II-F and U-HF 

The higher frequencies are much less af¬ 
fected by static of natural origin than are low. 
Due to the absence of a sky wave under normal 
conditions, u-h f communication is lesa suscep¬ 
tible to static from distant sources. Since the 
field strength of static is approximately pro¬ 
portional to wavelength, static of local origin 
is less effective the highe- the frequency. 


Man Made Imrrirrrnrr 

Noise generated in rotating machinery and 
other sources of interference seems to bo pre- 
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dominately vertically polarized; consequently 
such Interference is generally worse for verti¬ 
cal aircraft antennas than for horizontal. 


'•** Multipath Interference 

Since the wavelengths corresponding to very- 
high and ultra-high frequencies are small com¬ 
pared to the dimensions of buildings, hills, etc., 
tiiere may be multiple ground-reflected rays 
resulting in even more complex interference 
effects In space-wave communication than those 
discussed above. 

Furthermore, the structural members of the 
aircraft upon which the antenna is mounted 
are large enough relative to small wavelenglha 
to cast shadows and cause reflection and dif¬ 
fraction effecta which msy interfere greatly 
with transmission and reception In ccrta : n di¬ 
rections. These effects are generally more pro¬ 
nounced the higher the frequency. 

**•*•'“ Propeller Modulation 

Propeller modulation, at a frequency equal 
to the product of the number of propeller 
blades by the number of revolutions per sec¬ 
ond, will affect both-transmission and recep¬ 
tion. Although such modulation can approach 
100 per cent In extreme cases, It can be mini¬ 
mized by r«moving the antenna from the im¬ 
mediate vicinity of the motors. 


<"* HKU> PATTERNS OF ANTKNNA" 

ON AIRCRAFT 

Since the radiating system formed by an 
aircraft -antenna and the skin of the plane 
upon which it is mounted is geiierslly quite 
complex, the field patterns of such a system 
are usually quite different from those of a 
similar antenna in free space or mounted on 
n flat infinite conducting plane. Except under 
certain -pedal conditions, usually met in prac¬ 
tice only In the case of u-h-f antennas mounted 
on or in flat, unobstructed airplane surfaces 
of dimensions Urge in terms of wavelength, 
experience shows that the field pattern of a 


given antenna will be m.difled to a greater or 
less extent hy the plane upon which it Is used. 
To be certain that the field pattern of a given 
aircraft antenna installation satisfies the re¬ 
quirements of the problem. It is usually nec¬ 
essary to determine the field pattern experi¬ 
mentally. 

■*♦.» Flight Measurements of Field 
Pattern* of Aircraft Antenna* 

The most direct method for determining the 
radiational characteristics of a given antenna 
on aircrrft is to install the antenna on the plane 
upon which it will be used, connect it to a trans¬ 
mitter covering the frequency range In ques¬ 
tion, and fly the plane in a definite course 
around a field-strength meter located on the 
ground. While direct, this method has dis¬ 
advantages: it Is a difficult procedure, requir¬ 
ing that the plane be flown on a proscribed 
course maintaining constant speed, distance, 
and elevation; there are perhaps less than a 
dozen pilots in the country with sufficient skill 
and practice to make accurate pattern mea¬ 
surements possible. Furthermore flight mea¬ 
surements are expensive and time-consuming, 
often-tn times of plane and personnel short¬ 
ages—an outright impossibility. 

The most aerious objection to flight measure¬ 
ments la that at best they yield information 
about only a very small part of the total field 
pattern of an aircraft antenna. Because of the 
oscillatory nature of the -pace-wave field upon 
which aircraft communication depends it is 
difficult, if not impossible, to obtain meaning¬ 
ful field-strength measurements when the teat 
airplane is at distances comparable with its 
elevation. The oscillatory region extends from 
5 to 100 miles from the ground station, depend¬ 
ing upon elevation, frequency, polarization, and 
ground conditions; accordingly the angulsr 
spread of the space pattern that can be mea¬ 
sured in flight with any pretense at accuracy Is 
extremely limited—0 to 10' below the horizon 
being an optimistic range. While this range of 
elevation angler could be extended by banking 
the plane, the pattern pilot usually has enough 
to do without having to maintain his plane at 
a constant angle of tilt. The use of a second 
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plane to replace the ground station would 
merely multiply the difficulties already present 
aud would introduce the further complication 
of the directivity of the receiving antenna sys¬ 
tem on that second plane. 

For these reasotia (light measurements are 
usually restricted to the determination of field 
pattern in the horizontal plane of the ship. 

•“ * Pattern Measurements by Mean* of 
Model* 

Model measurementa, bawd upon the prin- 
ciplea of similitude and reciprocity, form the 
moat satisfactory method for determining the 
radiation patterns of aircraft antenna systems. 
In this method an accurate 1,-n-scaie modei of 
the plane ia mounted on a nonmetallic tower 
in such a way thst the mode! has two degrees 
of rotational freedom and ia located in the 
uniform field of a pyramidal horn radiating 
energy of frequency n time* that used on the 
full-scale plane, The model plane Is remote 
from the horn (in terma of wavelength), the 
directivity of which ia such that there ia no 
danger of interference effect due to reflection 
from the ground or from nea-by obstacles. A 
1 n-scale model of the antenna is mounted 
upon the metallic surface of the plane in its 
proper position and is connected, through ap¬ 
propriate feed and matching ayHtems. to a 
thermocouple, bolometer, crystal, or other de¬ 
tector, located inside the model, the d-c output 
of the detector being fed from the model to a 
remotely located microammeter or other Indi¬ 
cating or recording device. The reading of the 
d-c instrument bears some simple relationship 
to the r-f signal received by the antenna. By 
properly orienting the modei plane, whose po¬ 
sition with respect to the horn is usually re¬ 
motely controlled, it ia possible to determine 
the relative field pattern of the antenna in any 
or ail direction* in apace, 

The validity of model pattern measurements 
depends largely upon the accuracy with which 
the modei and the antenna are constructed and 
scaled. It dependa also upon the meaauring 
equipment, particularly In regard to frequency 
stability and constancy of output of the oscil¬ 
lator and upon uniformity of the field pattern 
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of the horn over the entire region in apace in 
which the antenna can be situated as a result 
of the motion of the modei. Aside from the 
care required in scaling the length of the an¬ 
tenna and in locating it in its proper position 
on the ship, no lurther precautions need be 
taken with the antenna and It* associated feed 
system, in ordinary work. That is, as far as 
field patterns are concerned It Is not necessary 
to scaie every detail of the feed system nor to 
be sure that the antenna is matched to the 
detecting system. An exception to this general 
rule ia met in the case of multiple-antenna sys¬ 
tems. in which two or more individual antennas 
are fed with currents of definite relative mag¬ 
nitude in definite phase relationship. In auch 
cases it may be necessary to scaie every detail 
of the antenna system exactly and to be sure 
that impedances are matched throughout the 
system. 

Although the conditions upon which the 
principle of similitude la haaed are not com¬ 
pletely fulfilled in that no attempt is made to 
scale either conductivity or dielectric constant, 
there la ample experimental evidence that this 
defect introduces negligible error. 


»••*» Calculation of Airrraft Antenna 
Pall erne 

In the v-h-f range particularly, the radiating 
system formed by the antenna and the skin of 
the ship upon which it is mounted may be ex¬ 
ceedingly complex. Here the dimensions of 
structural parte of the plane are of the tame 
order of magnitude as, or large compared to. 
the operating a; such structural members tend 
to become increasingly effective in casting 
shadows, in causing reflection effecta, and in 
generally disturbing the resultant field pattern 
as the frequency increases. Because of the simi¬ 
larity in size between such parte of the ship’s 
structure and a it Is possible that resonance 
effects will occur in tail fins, stabilizers, guns, 
and in other antennas. It is further possible 
that reaonance effects may occur in the amooth 
unobstructed skin of the fuselage itself; suih 
resonant surface currents may have radiation 
characteristics that entirely mask that of the 
antenna proper, the antenna functioning some 
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what like * coupling loop by means of which the 
skin of the ship is ioaded. Because of all these 
possibilities and because of the geometrical 
complexity of the surface* of modern aircraft, 
it is usually impossible to calculate the field 
pattern of a v-h-f aircraft antenna with any 
degree of accuracy. 

At very high frequencies and under certain 
condition* It Is sometimes possible to make pat¬ 
tern calculations that are qualitatively useful. 
These possibilities arc limited to cases in which 
the antenna is located remote from reflecting 
and resonating objects, on or near smooth clean 
surfaces of extent large compared to the operat¬ 
ing a. A* an example of a pattern calculation 
under such conditions, consider Figure 6. Here 



the fin constitute aemi-infinite conducting 
plane* intersecting at right angle*. At 450 me 
the surfaces involved are large compared to a, 
and when the antenna ia close in to the side of 
the fin the angle subtended at the antenna by 
the lower edge of that surface is large, ap¬ 
proaching the 90° that would be subtended by 
the "edge" of a semi-infinite plana It will be 
seen that measured and calculated patterns are 
In good agreement for the small spacing of a/2 
(corresponding to a subtended angle of 77"). 
At the larger spacing of 2A (subtended angle 
45°) the agreement is only qualitative in that 
both pattern* have the same number of lobe* in 
about the same position. At 4 a (subtended 
angle only 27°) the agreement is poor. 




the solid lines repreaent the measured vertical- 
athwart-ahlp-plane patterns of s horizontal a/ 2 
dipole suspended with its axis in the line of 
flight A/4 below the undersurface of the hori¬ 
zontal stabilizer of a PBY, at various distances 
oi>» from the side of the vertical tail fin. The 
dotted lines represent the corresponding pat¬ 
terns calculated from simple Image and antenns 
r ray theory, upon the assumption that the 
undersuriace of the stabilizer and the side of 


'* *■* Definition of Polarization 

Unlike the clear definitions of polarization 
used in optics, these concepts are used in air¬ 
craft radio engineering with considerable con¬ 
fusion. In the horizontal plane there is little 
difficulty, the electric vector of horizontally 
polarized radiation lying in the "horizontal” 
plane of the ship In normal flight; that of ver¬ 
tically polarized radiation lying normal to this 
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plane. In the vertical fore-and-aft plane the 
electric vector for horizontal polarization la 
always "horizontal" in that it Ilea parallel to the 
horizontal surfaces of the ship and ia always 
In the same aense, that Is, in the athwart-ahlp 
direction. In this plane the electric vector for 
vertical polarization is truly vertical only in 
two directiona, dead ahead and dead aft. At all 
other angles of elevation in the vertical plane 
of flight "vertical” polarization has a horizontal 
component, proportion ! to the aiiie of the angle 
of elevation as measured from the horizontal 
plane. Directly above and directly below the 
ahip ‘'vertical’' polarization is entirely hori¬ 
zontal in the usual geometrical senie, the direc¬ 
tion of the vector being along the line of flight. 
In the vertical athwart-ship plane, “horizon¬ 
tal" polarization is alwaya horizontal, the elec¬ 
tric vector lying parallel to the horizontal sur¬ 
faces of the ship, its direction along the line of 
flight; but "vertical” polarisation ia truly verti¬ 
cal only off tbe port and starboard wing tips, 
the electric vector being 100 per cent horizontal 
and athwart ship, directly above and directly 
below the ahip. 

There have been attempts In the peat to avoid 
this confusion by the use of symbols, polariza¬ 
tion being expressed In terms of lta components 
alonr the two angular coordinate! of c spherical 
reference system. Thia ia correct and quite un¬ 
ambiguous to people having the spherical co¬ 
ordinate system perfectly in mind at all timea, 
but such persons seem to be few and far lie- 
tween. Aircraft radio engineers continue to use 
the phrases "vertical polarization" and "hori¬ 
zontal polarization” with thoir customary 
promiscuity. 

n.4.1 Prcseiilation of Pat’.cm Dais 

Many different methods of presenting pat¬ 
tern data in graphical form have been uaed In 
the past. 

The most usual procedure is to give only 
throe complete polar patterns for relative field 
strength or relative power in the horizontal, the 
vertical fore-and-aft, and the vertical athwart- 
ship planes. In most cases the distribution of 
radiation In these three planes suffices to give 
a pretty fair idea of the directivity of the an¬ 
tenna system. 


Where complete Information Is desired, or 
where an unusual installation makes a peculiar 
field distribution probable, the complete spheri¬ 
cal pattern, covering a solid angle of 4», may be 
taken. Complete spherical data may be pre¬ 
sented by means of three-dimensional models, 
by means of a aeries of plane polar diagrams, or 
ly means of atereographlc projection diagrams. 
An example of the latter form of presentation 
is shown in Figure 7. It has the big advantage 
over other methods of showing at a glance just 
where the radiation is going, with all lobes and 
nulls clea rly evident, rapidly changing parts of 
the fleld being Indicated by the crowding to¬ 
gether of the constant-fleld-strength or con- 
atant-power contour lines. In the general case 
two such stei eographic projections—one for 
each hemisphere—are necessary (for each 
polarization) for complete presentation of the 
data. But in the case of symmetrically located 
antennas a single diagram ia sufficient for each 
polarization. 


11 ** Absolute versus Relative Field 
Strength Pattern* 

It has been the practice in the past to present 
pattens data on a relative basis, simply in terms 
of arbitrary fleld strength or power units plot¬ 
ted against azimuthal or elevation angle. There 
has been some interest In the presentation of 
Aircraft antenna pattern data on an absolute 
basis, in terms of millivolts per meter watt 
input power per mile, or In terms of the direc¬ 
tivity of thu system with respect to an isotropic 
radiator, a Hertz doublet, or a a/ 2 dipole. 

Model measurements eon be made to yield 
absolute patterns but the procedure Involved is 
extremely tedious. 

■ If 0 la the power directivity referred to in iaotrapic 
radiator, then: 

2/J0 i* power directivity with reepoct to a Herti 
doublet 

VZ/30 i» field strength directivity with reaped to m 
Hertz doublet. 

0.610 U power directivity with reaped to a A/2 
dipole. 

O.7SV0 ia a fteld-atrangth directivity with reaped to 
a A 2 dipole, 

3.40 V0 m abaolute field strength In millivolt* per 
meler per watt per mile. 
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* T Similarities In-tween A in-raft 
Amentia and Ideal Antenna I'attrni* 

The radiation maximum in the vertical pat¬ 
tern of a a 4 {or leas than A/4) antenna worked 
agatn»t flat infinite ground is along the horizon, 
the entire field pattern of aoch a aystem being 
•imply the upper half of the pattern of a verti¬ 
cal dipole In free space. This Is not the case 
with ground planes of Unite size. 

Carter' has measured the vertical plane pat¬ 
tern* of A/4 antenna* mounted on circular and 
rectangular ground planes of various size, and 
has found an approximately linear relation be¬ 
tween the angle of throw-up of maximum radia¬ 
tion and the logarithm of the diatance in a from 
the base of the antenna to the edge of the sur¬ 
face upon which the antenna is mounted, the 


This same effect occurs in the case of stub 
and whip antennas mounted vertically on air¬ 
craft. Figure 8 shows a plot of throw-up angle 
aa a function of relative distance from the an' 
tenna was mounted on a smooth unobstructed 
logarithmic acale, the linear relation obtained 
by Carter for aimple flat ground screens being 
indicated by the straight line. The twelve pointa 
shown in this figure were obtained from meas¬ 
ured vertical plane pattern* of atub antennas 
on aircraft in installations such that the an¬ 
tenna waa mounted on a smooth unobstructed 
surface of curvature •mall compared to the 
operating a in the direction in which the pat 
terna were run. It is evident from the close 
agreement between these two sets of data that 
many antenna inatallations are found in prac¬ 
tice under conditior.a such that the surface on 


OltTANCt IN X 10 coal or MOUM Masses 

PiGL'SK *. Angle of maximum radiation ai function of distance from antenna in edge of aurface on which an¬ 
tenna ia mounted. Solid tine represent* expenmenta’ data for A/4 antanna* on flat ground plane*. 



angle of throw-up being less the larger that 
distance, the theoretical value of zero elevation 
for an infinite plane being approached very 
slowly as the size of the surface Womes large 
in terms of A. 


which the antenna is mounted is a close enough 
approach to a flat ground plane ao that Carter’* 
data may be used to advantage in predicting 
the general i. lure of the distribution of radia¬ 
tion in the vertical planes. This simple relation 
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\wll be quite invalid for antennas mounted on 
surface# bavin* pronounced curvature nesr the 
antenna, or for Initiations auch that obstruc¬ 
tion! like fina, motors, turreta, and other an¬ 
tennas ars likely to effect the field pattern in 
the plane in question. 

A similar correspondence between aircraft 
antenna paUerni and the patierna of antennas 
ill ideal location* Is found in the caae of v-h-f 
and u-h-f horizontal antenna* mounted near fiat, 
horizontal lurfaces on aircraft. Patterns quite 
similar to theoretical pattern* are actually ob¬ 
served in the caae of horizontal antennas 
mounted near a wing or fujelsge surface that 
is iargs in term* of wavelength, In the caae of 
aircraft installation!, the field strength will not 
drop off to zero along the horizon became of 
the finite aize of the aircraft surface*. 

Field Pattern* of Vertical Antennas 
on Aircraft 

Pattern versus Frequency 

The field patterns of a given type of antenna 
In a given location on a given plane are mark¬ 
edly sensitive to frequency. Patterns of a given 
antenna on a given plane (see Chapter 17) re¬ 
veal the following frequency-dependent phe¬ 
nomena : 

In the Horizontal Plant, At the lower fre¬ 
quencies ths horizontal plane patterns are 
irly aymmetrlcal, the vertical member* of the 
ip's structure (for example the vortical fin of 
a B-17) being too small relative to the operat¬ 
ing A to be capshla of casting sharp shadows or 
of caualng pronounced reflection effect*, At the 
higher frequencies these disturbing structure* 
become large relative to A, and the horizontal 
patterns are then more complex. Definite 
shadow region* appear, In which the field In¬ 
tensity Is small compired to the average, al¬ 
though rarely zero owing to diffraction around 
the edges of the obstsclea. Other minima are 
doubtleea due to destructive Interference be¬ 
tween the direct rsy in certsin directions and 
the ray reflected from the tail-fin aurfacei. 
Similarly maxima also appear in the pattern, 
resulting from constructive interference be¬ 
tween direct and reflected rays, 


In the Vertical Fore-and-Aft Plant. Even 
though the antennas (of s B-17 for example) 
may be mounted atop the fuselage over the 
wings, a great deal of radiation Is found below 
the horizon at the low frequencic*. at which the 
wing and fuselage aurfncea are too amall in 
terms of a to act ss efficient acreeu*. At the 
higher frequencies little radiation ii found 
below the horizontal plane. 

At the lower frequenciea the angle of maxi¬ 
mum radiation is higher than st higher fre¬ 
quence, agreeing with measurement and 
theory In the caae of stub sntennas worked 
against ground planes of finite aize, showing 
that the smaller the extent of the ground plane 
In term-s of a the greater the angle of throw-up 
of maximum rsdistion. 

Another effect evident in vertical fore-and- 
aft patterns ia the increasing number of lobes 
and nulis as the frequency Is increased. Theae 
are partially explained on the hasis of structure 
-fleets, which would naturally be mure pro¬ 
nounced the higher the frequency, hut wouid 
also appear if the lurface of .the plane were 
absolutely fiat and unobstructed, due to the 
presence of standing surface waves on ground 
planes of finite size. 

In thr Vertical Athuart-Ship Plan. . The field 
patterns In this plane may be marked by similar 
effects, such as decreasing radiation on the 
oppoaite side of the ship from thst on which 
the antenna is located, decreasing angls of 
throw-up of muximum rsdistion, and decreas¬ 
ing symmetry of pattern, a the frequency la 
increased. 


Pattern versus Location of Antenna 

The field pattern of a given typa of antenna 
for a given frequency on a given plane, Is 
greatly dependent upon the location of the an¬ 
tenna on the plane This dependence is best 
demonstrated by reference to experimental 
results. 

Figures 9 and 10 allow the field pattern* of s 
lOQ-mc a/ 4 stub antenna in four widely differ¬ 
ent locations on a PBY. The grest effect of locs- 
tion is obvious in this series. The patterns for 
the installation stop the vertical stabilizer are 
of particular interest in that the effectivem « 
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HORIZONTAL PLANE 


VERTICAL FORE-AND-AFT PLANE 


lAMCAO 


of a large surface (the wings) as a reflector u a screen (note the relatively large amount of 
(notice the large forward lobe in the upper downward radiation in the name pattern) are 
vertical fore-and-aft pattern) and the ineffec- both demonstiated. The horizontal plane pat- 
tiveness of a small surface (the tail stabilizer) terns of this series are interesting in that they 
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HORIZONTAL PLANE VERTICAL FORE-AND-AFT PLANE 


the** pattern* were taken involved * »erie* of 
antennas for a B-2->„ the antennas to yield "uni¬ 
form” distribution of vertically polsrized radia¬ 
tion in the horizontal pl»ne and in the upper 
hemisphere for 30° to 40° above the horizon. 
At 20 to 40 me, suitable pittern* could be re*l- 


ihow the effect of mUfirht deviation* of antenna 
location from the axis of symmetry of the plane 
upon the symmetry of the horizontal pattern. 
Another unusuai example of the effect of 
location on field pattern it showr in Fifurea 11 
and 12. The project in connection with which 


CONFIDENTIAL 




FIELD PATTERNS OF ANTENNAS ON AIRCRAFT 


23“ 



plane is downward, and that there are sharp 
nulls about 20° above the horizon to either aide 
of the ship. For these reasons thia iocatlon for 
the h-f antennas had to be abandoned, and the 
48-rac antenna was moved forward along the 
fuselage centerline to the trailing edge of the 
wing. Now the patterns in all three planes were 
satisfactory, the radiation in the vertical 
athwart-ship plane (Figure 12) now being uni¬ 
form and upward as desired. This effect, be¬ 
lieved due to the loading of the surface of the 
cylindrical fuaelage when its circumference is 
resonant, is diecusaed in greater detail in the 
treatment of the broad-band whip antenna* 


ized by means of antenna* Installed op the 
fuselage, on the line-of-flight centerline, ap¬ 
proximately 12 ft forward of the leading edge 
of the horizontal stabilizer. To simplify Installa¬ 
tion prohlems it was desired to mount the high- 
frequency antennas (40 to 60 me) in this same 
location. While the horizontal and vertical fore- 
and-aft plane patterna are satisfactory, Figure 
11 ahowsthat the vertical athwart-ahip pattern 
Indicates that most of the radiation in that 


VERTICAL ATHWART-SHIP PLANE 


elsewhere In this report. In the case of this 
par ;ular problem, such loading effects with 
consequent strong radiation from surface cur¬ 
rents in the akin of the fuaelage were inhibited 
by moving the ante mm forward to where the 
wing surfaces could interfere. 

VERTICAL ATHWART-SHIP PLANE 
UP 


Parma mats AJMiaaa 

The pattern of a given type of antenna for a 
given frequency la greatly dependent upon the 
type of aircraft upon which It is mounted. This 
Is particularly true in the middle and upper 
v-h-f range The effect of the nature of the 
plane is most pronounced when the antenna is 
worked at frequencies such that sizes of struc¬ 
tural members of the ship are of the same order 
of magnitude as the a, and when the antenna is 
located on surfaces of pronounced curvature. 
About all one can say as to the patterna of simi¬ 
lar antennas in similar locations on different 
planes, is that if the planes are much alike, dif¬ 
fering mainly in size, then the pattern char¬ 
acteristics found on one plane will be found on 
the other plane, at a higher or lower frequency, 
depending upon the relative aizea In the gen- 
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eral c»*e, where v-h-f and u-h-f antennas are 
mounted on plane* of wideiy different dimen¬ 
sion* and shapes, the pattern* wlii be greatly 
dependent upon the nature of the plane and 
upon the relation of the antenna to the predomi¬ 
nate structural features. 


1 Effect of Nearby Structures on 

Patterns 

One of the hazards of aircraft antenna design 
is the possibility that an antenna designed to 
have certain pattern cliaracterlstic* and in¬ 
stalled on the ship in question will later be 
ruined by the Instailstion of another antenna, 
a new turret, or an auxiliary gs* tank In the 
immediate vicinity of the first antenna. Unless 
the effect* of such dlaturbing atructures are 
allowed for in the deaign of the original an¬ 
tenna, it is well to locate any metallic object of 
alte or length comparable with the antenna 
dlmenaiona at least one wavelength from the 
antenna. 


, *-*-‘* Cross Polaritalion from Aircraft 
Antennas 

There Is usually some of the opposite polar¬ 
ization present in the field patten of a simple 
vertical or horizontal antenna on aircraft, par¬ 
ticularly in the lower v-h-f range. While the 
actual percentage of energy In cross polariza¬ 
tion for a given installation depends In a com¬ 
plicated manner upon the frequency, the size 
and shape of the ship, and the location and 
orientation of the antenna, it i* fairly safe to 
say that under ordinal y circumstance* It ia 
small compared to the normally poiarired radia¬ 
tion. 

Under certain conditions, when the currents 
in the skin of the plane are properly disposed, 
the amount of cross polarization may be much 
greater. Aiao, the amount of cross polarization 
may be greater in other planes than the hori¬ 
zontal. While the presence of relatively large 
amounts of horizontal polarization is found 
with vertical antennas in particular installa¬ 
tions, the phenomenon is not one upon which 
one may count in general; that is to say, it is 


iU-advisod to expect to receive or transmit hori¬ 
zontally polarized radiation efficiently with s 
vertical antenna. 

Cross polarization is ’jauaily more pro¬ 
nounced with horizontal Hntcnna* than with 
vertical, particularly in the h-f and lower v-h-f 
ranges. Here two factors are at work : (1) part 
of the vertical radiation may be due to loading 
of tho skin of the ship or to resonance effect# in 
vertical surfaces of the structure of the plane; 
and (2) at very low frequenciea a horizontal 
antenna may have an appreciable vertical com¬ 
ponent, which, although small compared to the 
total antenna length, may be a relatively much 
more efficient radiator than the horizontal com¬ 
ponent, especially sioce the horizontal antenna 
current tends to be Inhibited in Ita radiatlona) 
effects by the preaence of an opposite image 
current in the nearby surface of the ship. 


“• 4Jl Conclusion 

Most af the pattern problems discuamed above 
are serious only in the v-h-f range. At higher 
frequencies the pattern of a given antenna 
worked againat a large clean surface on air¬ 
craft, will be quite similar to the pattern on an 
infinite ground plane, except, of course, In cates 
where obstructions exist in the near field of the 
antenna. The effect of disturbing factor* is then 
more pronounced the higher the frequency. 


ANTENNAS FOB VERTICAL 
POLARIZATION 

Compared to the problem of obtaining good 
aircraft antennas for horizontal polarization 
the design of vertical antennas for the v-h-f and 
u-h-f ranges is relatively eaay. Not only la it 
eaiier to secure good in put Impedance char¬ 
acteristic* consistent with satisfactory me¬ 
chanical and aerodynamical features, but, be¬ 
cause of the symmetry inherenl In the field of 
simple vertical antennas and because of the 
wide variety of locations In which they may be 
mounted on a plane, tile problem of obtaining 
satisfactory radiational characteristics on air¬ 
craft is also much less difficult. 
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Broad-Bind Anlennai 

The design of antenna* bavin* flat impedance 
characteristic*• Is easier the higher the fre¬ 
quency. There are two reason for thi•; (I) the 
higher the frequency the araailer the physical 
dimensions of an antenna atructure large in 
term* of A and the lea* difficult the problema of 
mechanical and aerodynamical design, and (2) 
the higher the frequency, the smaller the an¬ 
tenna, and the lei# difficult the problem of feed¬ 
ing the anteona structure tn a manner which 
will not impair Ita inherent broad-band char¬ 
acteristics. For these reasons antennas having 
band width* of the order of several octaves are 
practical In the u-h-f range, while in the lower 
v-h-f range It Is a triumph of design to obtain 
a flyabie antenna having a band width of only 
20 to 30 per cent.' 1 Bearing these facta in mind 
V(- proceed to a discussion of several successful 
broad-band antenna design*. 


Wioe-Band U-H-F Conb Antknnab 

The flat Impedance characterlctlcs of blconi- 
cal antenna# fed by balanced two-wire trans¬ 
mission lines were demonstrated experi¬ 
mentally and theoretically by Carter, by 
Schelkunoff, and by other#, year* ago. 1 More 
recently the Radio Research Laboratory ha* 
developed single unbalanced cone antenuaa for 
broad-band use on aircraft at ultra-high fre¬ 
quencies. 

The cone antenna c naista of a sheet-metal 
circular cone tapering from a small diameter 
at it* base, where it la attach xl to the inner 
conductor of the coaxial feed line or to the 
Inner conductor of a coaxial Kper leading Into 
the feed line, outward to a diameter of the aame 
order of magnitude u ita height. The apex 
angle varie* for different applications, a typical 
value being 80°. The top of the cone Is capped, 
either with another section of a cone of greater 
apex angle or with a segment of a spherical 
surface. The Impedance charaeterlatic* of the 

* Percentage bend width i) X 100* 

where f—. and f... sr* the upper and lower limits to 
the frequency range over which tne autaniu. is matched 
to soma apaeillsd standard, usually to a better than Z:1 
SH'S on a ao-ohra line. 


cone antenna are remarkably' lint over a range 
of frequencies corresponding to a range of *n- 
tenna-helght-to-wavelength ratios extending 
from about 0.2 to 2 or more. For many appli¬ 
cations the cone antennas are sufficiently broad 
band in themselves to permit their being fed 
directly from the feed line without need for 
conventional matching sections. Figure 13 
show# a aketch of a cone capable of covering the 
entire u-h-f range, 300 to 8,000 me, with lea* 
than 2.5.'l SWR on a 60-ohm feed iine. 



nm a* jltota* — ' — 

,, r ■»- . a From RRL Report 411. 


Cone antenna* may be supported by insulat¬ 
ing bracketa attached to their peaks, or may be 
mounted within iucite radomes or bliaters. Be¬ 
cause of ths large cross-sectional dimensions 
of rhe cone, or it* surrounding blister, these 
antenna* are not aultabie for use on aircraft at 
frequencies much lower than 300 me. 

The pattern# of cone antennas are in general 
similar to those of simple cylindrical radiator* 
of equal electrical length. If desired, the cone 
antennas may be mounted at an angle with the 
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side of the »hip or in • horizontal position, in 
order to secure various amounts of horizontally 
polarized radiation. 

The Sleeve Antenna (roa Uppe* V-H-F 
and Lowea U-H-F) 

The sleeve antenna, developed by RCA 
Laboratories, It essentially a a/ 4 stub sur¬ 
rounded for about half Its length by a coaxial 
sleeve which may be simply an extension to the 
feed line. The sieeve is grounded to the shin of 
the ship at ita base, the antenna being fed at 
the mouth of the aleeve. Since thia feed point 
it approximately half-way up from the bate, in 
a low-current region, the apparent input re- 
siatance la high, of the order of iOO ohma. This 
constitutes a big advantage In broad-banding, 
since a high-impedance antenna can be matched 
down to a 60-ohm line over a much wider band 
than that over which a iow-lmpedance antenna 
can be matched up, other things being equal. 
The sieevn antenna differs from simpler broad¬ 
band antennas in that the attainment of flat 
input impedance characteristic* is not of pri¬ 
mary importance. The aieeve antenna involves 
four adjustable parameters—the ratios of sleeve 
length total length and sleeve diameter/stub 
diameter in addition to the basic parameters 
(i.e., iength/wavelength and diameter iength) 
of the simple stub—which make possible a high 
degree of control over the impedance character¬ 
istics of the antenna. By properly manipulat¬ 
ing these four variables one con attain char¬ 
acteristics which are not necessarily flat and 
which may vary rapidly with frequency but 
which vary in (he right way to "track" with a 
preselected type of matching section. Because 
of thia flexibility, the sleeve antenna can be 
uaed to take better advantage of the property* 
of a simple matching section than can be ob¬ 
tained with antennas affording less control over 
input impedance. The effectiveness of thia ap¬ 
proach to broad-banding. I.e., that of distorting 
the antenna Impedance to flt the characteristics 
of a given matching section, can be striking, a 
tenfoid Increase in useful band width resulting 
from the application of a properly designed 
matching transforme - to a properly designed 
sleeve antenna being not unusual. A sketch of 


a simple sleeve antenna, and - typical SH'fJ- 
frequency curve arc ahowu in Figure 14. 

Since the current distribution on tho outer 
surfaces of the sleeve antenna is very much the 
same as that existing on the surface of a simple 
•tub, the held patterns of aleeve antennas on 
aircraft will be similar to those of whip or stub 
antenna* in corresponding locations. 



The aleeve antenna ia moat useful on aircraft 
in the general range 100 to 1,000 me. At higher 
frequencies a cone antenna may be used to bet¬ 
ter advantage, while at lower frequencies the 
cross section of wlde-band sleeves becomes pro¬ 
hibitively large, so that broad-band whip an¬ 
tennas are more satisfactory. 


Bsoap-Band Whip Antennas 

Broad-band whip antennas developed by the 
Antenna Section Research Division, Aircraft 
Radio Lalwratory, Wright Field, constitute 
some of the most succeisful aircraft antennas. 
In addition to their electrical features these an¬ 
tennas have very low wind drag, are tactically 
inconspicuous, are easily mass-produced, and 
are relatively easy to inatail on airersft. 

Ths antennas are tough ateel whips, the 
diameter tapering from about '/* in. at the base 
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to «bout 'A In- «t the tip, the height (roughly 
A/4) ranging from 30 in, to 6 ft, depending on 
the frequency band. When used In conjunction 
with a aimple two-element matching aection 
consisting of length* of standard coaxial cable 
compactly coiled in a metal can attached to the 
ba»e of the whip, these antennaa are capable of 
approximately 40 per cent band width In the 
lower v-h-f range. Several such mtennas, each 
with its associated matching section, have been 
designed to be easily Interchangeable In a single 
mounting fixture, four of them together cover¬ 
ing the 36- to 110-me band with less than 2:1 
SWR on 80-ohm cable. 

The whip antennas depend for their broad¬ 
band characteristics partly upon the fact that 
the impedance level of a stub antenns worked 
dgainat a cylindrical ground surface having a 
circumference of the order of magnitude of the 
operating a is higher than tnat of the same 
antenna worked against a flat ground plane. 
This fact Is shown by the curves of Figure 16, 
which represent the variation with frequency 
of the resonant resistance of stub antennas 
Identical except for length mounted on curved 
surfaces. Both curves indicate that Impedance 
levels much higher than the normal 38 ohms of 
a stub antenna worked against flat ground ci.n 
be obtained with atub or whip antennaa 
mounted on the roughly cylindrical fuselages of 
large planes In the lower v-h-f range. 

Evidence Indicates the necessity for basing 
the design of antennas for the lower v-h-f 
range upon Impedance measurementa made 
with the antenna Installed in the location In 
which It is to be used While such measure¬ 
ments are preferably made on the actual ahlp, 
or on a partial full-scale mock-up it Is possible. 
If great care Is taken In scaling both the plane 
and the antenna and Its feed system, to obtain 
useful results with measurements made on 
modela. While the effect of the fuselage upon 
the Input characterialica of broad-bsnd whip an¬ 
tennas fa favorable, both as regards hlgh-lm- 
pedance level and flat reactance characteristics, 
if a whip antenna incorporating a matching 
aection based upon flat-ground-plane impedance 
measurementa were used In the same location 
as these whips, the results would not be satis¬ 
factory. The characteristics of the antenna are 
too greatly affected by currents in the curved 


fuselage for ground-plane measurementa to be 
valid. This effect is not limited to the lower 
v-h-f range, but occurs in any aircraft antenna 
.nstallation whe-e the radi is of curvature of 
the akin of the -chip at the antenna location is 
■mall compared with the operating a. 



rue air 16. UvaaMat d 4, HM 
atop fuselage of B-M, IS fl aft of tiat •• * 

wing, full-scale ahlp In fliaht (data from ARM , 

B, «tub antenna below fuaelag* of B-24 on center, 
linn of wing and tutelage, 'A-Male modal (data 
from RCA L-absratorlo). 

Figure 16 shows a typical SB'/{-frequency 
curve for a low-frequency broad-band whip 
mounted on a B-24. The band width shown, 
obtained by means of a simple two-element 
transmission line matching section, is more 
than twice as great as that obtainable with the 
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do the letter, ea would be expected since the 
top of the fuselage represents a much closer 
approach to large fiat ground piano along the 
line of flight than It does athwart ship. 


qrj Kxjr^r • U ggggfc 


tame antenna mounted on a large flat ground 
plane and used in conjunction with a much 
more complicated matching section. 

Figure 17 nhows the principal plane patterns 
of whip antennas mounted stop the fuselage 
of a B-24. The typical butterfly distribution 
evident In the vertical athwart-shlp planes is in 
fair agreement with that calculated by Carter 
for stub antennas worked againat cylindrical 
surfaces of corresponding relative size. The 
effect of currents in the akin of the fuselage can 
be seen by comparing the vertical athwart-shlp 
plane pattern* with thoae for the vertical fore- 
and-aft planes: the former show much more 
radiation lr. directions below the horizon than 


Bao ad-Band Fan Antennas 

A farf-shsped array of three or more wires, 
strung from a lead-in on the side or top of the 
fuaelage to some supporting structure, such as 
a guy wire or part of the ahlp Itself, forms a 
satisfactory broad-band antenna at the ex¬ 
tremely low-frequency end of the v-h-f band. 
These antennas, developed by the Antenna Sec¬ 
tion, Research Division, Aircraft Radio Labo¬ 
ratory, Wright Field, have numeroua advan¬ 
tages. 

1. They have Impedance characteristics such 
that they are easily matched to 50-ohm cable 
over frequency bands of the order of 25 to 35 
per cent wide, an unusual band width In view 
of the low frequencies Involved. Impedance 
matching of fan antennas is usually effected 
by means of a two-element matching section 
consisting of lengths of commercially available 
coaxial cable compactly colled In a metal con¬ 
tainer mounted juat after the iead-in, inalde 
the ship 

2. Since the fans are made of ordinary air¬ 
craft-antenna wire they offer much less wind 
resistance than do conventional large-surface- 
area antennas of comparable band width at 
comparable frequencies. 

3. Because of the fineness of these wires n 




_^ 
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FiQUSE 17. Partem of whip - —*• vwUlled « B-24. top tontorlln. 58 in. behind tr.llin. edge of wing. 40 me. 
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fan antenna is practically invisible at diaUnce* 
of the order of 20 ft or more, an obvious tacti¬ 
cal advantage. 

Among the disadvantage* Inherent in fan 
antenna*, of negligible importance compared 
to their advantage* for most application*, are 
the following: 

1. Pan* must be tailored especially for each 
installation. Because of their spread In area, 
the characteristics of fans are sensitive to 


minor differences in the structure of the plane 
in their immediute vicinity and to the presence 
of near-by antennas. 

2. Installation of a fan Is not a very con¬ 
venient procedure, 

3. The field patterns of fan antennas nre 
not notably symmetrical, since to get sufficient 
height for a large percentage of vertically 
polarized radiation the antennas mutt usually 
be worked against one aide or other of the 
ship. In some case* the asymmetry Is such 
that a tactical course must b? fown. 

4. There is uaually a considerable percentage 
of horizontally polarized radiatiou in the field 
of a fan antenna. 

Figure 18 shows a sketch of a typical fan 
antenna installation and its SlV/f-frequency 
characteristic aa measured in flight at Wright 
Field. Figures 19 and 20 show field patterns 
at the center of the band of this antenna, for 
vertical and for horizontal polarization, re¬ 
spectively, as measured by means of models 
by the Ohio State University Research Foun- 
dation. 


Broad-Band Inverted-L Antenna 
(Low V-H-F) 

The broad-band mverted-L antenna, devel¬ 
oped by RCA Laboratories, Is an adaptation 
of the simple inverted-L, or flat-top, antenna 
used on aircraft at frerjuencien so low that the 



cuw. IB. Vcrtlea! polar It* lion pattern* for 3-wir* fan 31-me antenna hrW. 1 <*■ 
m too starboard ft.il.«e *7 In. forward of l.adio, odlt« of .larboard jUtalm-r to point nr. 
relate 106 in. forward of leadin* ed*a of vertical .tabillzer. (From ARL Raport 357.) 
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height of • conventional a/ 4 whip or stub 
wouid be prohibitively great. A sketch of a 
simple inverted L having a height equal to balf 
Its total length is shown In the upper portion 
of Figure 21. where the measured input iro- 



l •»«>•*• 


pedance of such an antenna is also shown, it 
k evident from these impedance characteristics 
that while the antenna has a much smaller 
physical height at resonance than the corre- 
sponding whip antenna, its impedance level is 
low and Itn reactance characteristic ia steep, 
limiting its usefulness to spot-frequency- or 
narrow-band applications. 

it has been found possible, by means of a 
sleeve (that is. by extending the coaxial feed 
line beyond the ground plane up to the bend 
in the antenna) and by properly proportioning 
the relative cross sections of the vertical and 
horizontal members of the antenna, vo retain 
most of the reduction in vertical height gained 
In the simple inverted L and at the same time 
•ecure an antenna of broad-band characteris¬ 
tics. The modified Inverted L Is sketched in 
the lower part of Figure 21. The modified ver¬ 
sion has a much higher impedance ievei and 
an appreciably flatter reactance-frequency 
curve than the simpler antenna. Consequently 
it can be matched to a low-impedance line over 
much wider frequency bands. The actual band 
width obtainable with an inverted L depends 
upon the complexity of the matching uection 
used; band width varies from about 12 per 
cent in the case of an L fed directly from 
60-ohm line to about 58 per cent when the L 
Is used in conjunction with a three-eiement 
matching ««tion consisting of lengths of com¬ 
mercially available coaxial cable. 
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Quarter-Wave Antennas for Vertical 
Polariaation 

Among the more simple antenna." auiUbla 
for use on aircraft In applications calling for 
limited band width In the u-h-f and upper 
v-h-f range* are the following. 



N<«U ■!* a m— (AN-136). (Data 

r.— aai. Imi Mi-TM-at i 


Thick Stub Antenna 

A A/4 stub of fairly large crow section is 
known to have broad-band Input characteris¬ 
tic*. However, there are two difficuttiea Inher¬ 
ent in these antennas: (1) The fact that they 
must be base-insulated requires the use of low- 
loan solid-dielectric mounting fixtures of great 


mechanical strength, and (2) the large base 
must be connected to the small Inner conductor 
of s coaxial feed line in a manner which will 
not destroy the Intrinsic broad-band charac¬ 
teristics ot the antenna. This last is a difficult 
problem which haa not been satisfactorily 
eolved to date. 

The AN-155 antenna, developed by the Radio 
Reaearch Laboratory, Is an example of the 
thick stub as uaed on aircraft. This antenna, 
sketched in Figure 22, consists ot a phenolic- 
impregnated maple mast, covered, except at Ite 
base, by a metallic sheath. The base is held by 
an Insulating bracket and the sheath ia fed by 
a tepered mete! strip, or “dog ear," connecting 
the lower edge of the sheath to the Inner con¬ 
ductor of a standard coaxial cable connector. 

The measured input impedance of this an¬ 
tenna ia aho shown in Figure 22. It is to be 
remarked that these characteristics depend to 
a rather iarge extent upon the shape and poal- 
tion of the “dog ear.” Such a mast antenna, 
SO In. high, and of 2V»x) Vi in. streamline cross 
aection, is capable of covering the 80-to-110-mc 
band without need for external matching *«c- 
tions. By cutting down the length of the an¬ 
tenna, higher frequency bands, of increasingly 
greater width, may be covered. 


BaowN-EremN anttnnas 

A simple u-h-f antenna, combining a atrong 
mechanical mounting with provision for mod¬ 
erate hand width, Is shown in Figure 23A. In 
ite simpie form the antenna consists of a A/2 
rod mounted coaxially in a a/4 deep cylindrieal 
well set Into the ground plane against which 
the antenna is worked. The portion of the sys¬ 
tem conteined in the well serves two purposes: 
(1) It acta aa a shorted A/4 line, which, by 
presenting a higb impedance to ground at the 
central feed point, effectively insutate* the base 
of the protruding a/4 radiator while at the 
same time It provides a strong metallic mount¬ 
ing, and (2) this shorted a/4 line acta aa a 
parallel-resonant circuit In shunt with the an¬ 
tenna. a circuit well known to tie effective In 
flattening the reactance characteristic and in 
raising the impedance level of a series-resonant 
antenna. 
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A version more suitable for use on aircraft 
Is sketched In Figure 23B. Here the shorted- 
Ilne support has been placed Inside the radi¬ 
ator, where it functions exactly as before, with 




tha additional advantage that the radiating 
surface is now larger and consequently will 
have flatter impedance characteristics. This 
surface may be streamlined to reduce drag. 

Skin-Back Antinna 

The akin-back antenna, aketched In Figure 
2SC, conaiats of a a/ 4 radiator which may be 
conaldered as the continuation of the Inner con¬ 
ductor of the coaxial feed line, the outer con¬ 
ductor of which ia folded back upon Itself to 
form the iower half of a vertical a/2 dipole. 
The ahortod A/4 line acts as a high-impedance 
choka in series with tha lower haif of the an¬ 
tenna. effectively Isolating it from the re¬ 
mainder of the outer surface of the feed line. 

This antenna has been used on aircraft In 
Inatailations such that It is desirable to isolate 
the antenna from the adjacent surf nee* of the 
ship. For example, it has been used atop the 


vertical An of a B-17, where aurface currents 
In the immediate neighborhood of the feed 
point of a conventional stub would greatly 
modify the atub Impedance and radiation 
characterlstlca. 


Half-Folded-Dipole Antenna 

One-half a Carter folded dipole worked 
against ground (see Figure 2SD) forma an 
aircraft antenna with two advantages over a 
simple stub. (1) It Includes its own matching 
section, for, by proportioning the relative di¬ 
ameters of the two conductors properly, it la 
possible to secure a perfect match to the feed 



line, and (2) since one aide of the antenna Is 
metsliically grounded the antenna ia Inherently 
strong. Measured impedance characteristic! of 
a typical half-folded dipole are shown In the 
upper part of Figure 24. 
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Lem-than-Quarter-Wavelength 
Vertical Antenna- 

An obvious mean* of minimizing aerodyna¬ 
mic and mechanical difficulties white at the 
name time retaining: some of the desirable 
features of the a/ 4 antenna ia to use resonant 
antennas which are short compared to the op¬ 
erating a. There have been many attempts at 
antenna deaign along this line, four of which 
are ahown in Figure 25. 



Dielectric Antenna 

A simple stub radiator, surrounded by di¬ 
electric material, will be resonant at a much 
lower frequency than the same antenna in air, 
the actual reduction in physical length depend¬ 
ing upon the inductive capacity and relative 
volume of the dielectric, The impedance char¬ 
acteristics of auch an antenna are plotted in 
Figure 26, It will be noted that the impedance 
level is too low to permit successful broad 
banding, 

Helical Antenna 

The helical antenna contains its own loading 
coil, and while it can be made to be resonant at 
a height equal to a amall fraction of a/ 4, ita 
characteristics are marked by a very iow-im- 
pedanee level and by a very steep reactance 
characteristic so that Its usefulness, If any, is 
limited to spot-frequency applications 


Iv verted-L Antenna 

The inverted L has short physical height 
and, If modiAed, can be hroad banded, as Is 
described elsewhere in this report, 



Bent Half-Folded-Dipole Antenna 
T his antenna has Impedance characterlatica 
which are matchable to 50 ohma over moderate 
frequency bands. 


Half-Wave Grounded.loop Antenna 

A semi-circular A'2 loop antenna, mounted 
In a vertical plane, with one end grounded to 
the skin of the ahlp and the other end attached 
to the inner conductor of a coaxial feed line, 
has several advantages over the simpie a/4 
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stub for vertical polarization in the u-h-f range, 

1. Its vertical height is leas than one-sixth 
of the resonant a, so that if mounted with the 
plane of the loop in the line of flight thia an¬ 
tenna will have leas wind drag than the corre¬ 
sponding atub. 

2. Since one side of the loop ia grounded it 
can b* made to have great mechanical strength. 

3. It* impedance characteristics are such that 
it can be eaaily matched over quite wide fre¬ 
quency banda. 

The Held pattern, for vertical polarization, 
of this antenna worked against a flat surface 
on aircraft will be similar to that of a vertical 
stub Antenna in the same location. The patterns 
of full-wave loops have been investigated theo¬ 
retically by Carter, and are dlscuaied In Sec 
tion 18.7. 

MULTIPLE.RESONANT ANTENNAS 

It may sometimes he desirable in aircraft an¬ 
tenna work to use a single antenna for trans¬ 
mission or reception in two or more separate 
frequency bands, the frequencies being so 
widely spared as to make the use of a broad¬ 
band antenna covering the entire range in¬ 
cluding theae banda Impractical. One scheme 
for realizing such an antenna system is ahown 
in Figure 27. The antenna consist* of a cylin¬ 
drical atub made In two pieces, the upper 
portion being aupported by the inner conductor 
of a shorted coaxial line which la recesaed into 
the lower part of the atub. The lower part of 
the antenna is of auch length as to be resonant 
at the center of the high-frequency band, the 
a/ 4 line built into mis section effectively isolat¬ 
ing the lower stub from the upper portion of 
the antenna. The total length of the antenna 
is made such that, allowing for the reactance 
introduced by the line aection, the complete 
antenna will be resonant in the center of the 
low-frequency band. It will be seen from the 
impedance curves of Figure 27 that the partic¬ 
ular antenna ahown is useful from 320 to 872 
me and from 468 to 620 me, representing un 
extreme range of frequencies which could not 
Ihs covered by a conventional antenna of like 
cross section. By vsrying the dimensions of the 
vsrious parts of the antenna It ia possible to 


secure pass bands of greater or lea* spacing and 
of greater or less band width. The principle 
can, of course, be extended to three or more 
pass hands. This antenna has one advantage 



over very wide-band antennas, in that it avoids 
the pattern difficulties which may appear at 
the high-frequency end of the band of such an¬ 
tennas, where the antenna may be several 
multiples of A/4 long. 

im ANTENNAS FOR HORIZONTAL 
POLARIZATION 

The design of aircraft antennas for hori¬ 
zontal polarization in the v-h-f and u-h-f ranges 
generally involves much greater difficulties 
than the design of corresponding vertir.d an¬ 
tennas. Not only are there grave mr.hanica 
problems, particularly in the lower v-h-. bs ' 
where the structure of the plane offers tc" 
alternative methods of supporting the antenna 
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and consequently permits only m restricted 
choice of nntenns locations, but there *re elec¬ 
trical problems aa well. Tbe pattern and im¬ 
pedance requirement* for horizontal antennas 
at these frequencies arc usually such ai to 
demand that the two components of the an¬ 
tenna ba fed In aome definite phase relation¬ 
ship, uaually 180° out of phase, with the resuit 
that balance tranaformera as well aa conven¬ 
tional matching section* must *>e included In 
the feed system if band width is desired. 

,,rl Broad-Hand Balance Tranaformera 

Since most antenna installations for hori¬ 
zontal polarization on aircraft are of the bal¬ 
anced type, and since most aircraft transmit¬ 
ters are designed to work into low-impedance 



unbalanced cable, it is uaually necessary to 
Insert between the antenna and the line a 
device for maintaining balance even though the 
frequency departs considerably from reso¬ 
nance. One of many such transformers i» the 


"bazooka'' or "Ijalun” developed by the Radio 
Research Laboratory, sketched in Figure 28. 
When properiy constructed this transformer 
maintains both aides of the two-wire lino at 
equal and opposite potentials with respect to 
ground over large frequency ranges to cither 
side of that for which the twinax line inside 
the balun is a/4 long. Furthermore, If the 
characteristic impedance of the twinax line in 
the balun ia iarge compared to those of the 
coaxial and balanced cables lietween which It Is 
inserted, the presence of the balun will cause 
little reflection over very wide frequency bands, 
as may be teen from the reflection-frequency 
curves of Figure 28. These curves appiy to a 
rather artificial case, since the Impedance of 
balanced cable or of balanced antennas la usuab 
ly higher than that of coaxial cable. In practice 
a transforming section must usually be in¬ 
serted on one aide or other of the bahm. 


Antemys for "Uniform" Horizontal 
Plane Pattern 

Bent-Sleeve Dipole Antenna 

The sleeve dipole antennas developed by the 
Radio Research Laboratory give pear-shaped 
horizontal plane patterns for horizontal polar¬ 
ization and have broad-band characteristics st 
frequencies less than 600 me. The sntenns 
consists of a x/2 dipols bent Into a V having 
an included angle of about 100°; each arm of 
the V is surrounded for about half Its length 
by a coaxial sleeve; the arm* tie in to the bal¬ 
anced side of a broad-band balance transformer 
which in turn la fed by 60-ohm coaxial cable. 
The antenna and its attached balun form a unit 
which plugs Into a streamlined cylindrical 
mount which i* permanently attached to the 
akin of the plane, the mount holding the plane 
of the V horizontal, in proper relation tu the 
akin of the ship and to the direction of flight. 
A aeries of auch antennas may be used inter- 
chsngeablv in the same mount, in order to 
cover a very wide total frequency range. 

Figure 29 ahowa plan and elevation sketches 
of this antenna, and includes a sketch of the 
feed system. The SW’W-frequency curve of that 
figure gives aome idea of the band width at- 


CONXIDENTIAL 



250 


AllMOU > E ANTCNN t P EWCN 


.'•n-r and y.H-i 



FRCWCNCV IN HG 


FlUUIK 29. Pl»n »nd civilian V 
and SWF of bant-alnv* dlpolt. 
port 411-TM-M2.) 


tainable in the upper v-h-f and lower u-h-f 
ranges. While these antennas have very satis¬ 
factory characteristics In the 200- to 600-mc 
range, their Impedance characteristica are 
marred at higher frequencies by the adverse 
effects of the feed-system discontinuities on 
band width, and at lower frequencies they be¬ 
come physically targe, Introducing mechanical 
and wind-drag difficulties. 

Figure 30 shows the pattern yielded by the 
bent-sleeve dipole mounted approximately A/4 


belc.v the undersurface of the fuselage of a 
large plane. The targe energy throw-down in 
the vertical plane coutd be remedied by moving 
the antenna farther out (closer to A/2) from 
the akin of the ship. 

The Coaxial-Fed V-DiroLE Antenna 

In some respects this antenna is similar to 
the bent-sleeve dipole antenna. It consists of a 
coaxial-fed (unbalanced) dipole with a/4 arms 
attached to the inner and the outer conductors 
of the supporting feed tine, the arms lying In a 
plane perpendicular to the feed line and 
forming a V with an included angle of 95 to 
100°. The supporting line extends a/4 beyond 
the ground ptane on which the antenna ia 
mounted, its outer conductor being grounded 
at the base. 

The horizontal plane pattern of the antenna 
is peanut-shaped with side minima tn field 
strength about 4 dh down from the maxima. 
The vertical plane patterns show the large 
amount of throw-down to be expected from a 
horizontal antenna mounted a/ 4 from a con¬ 
ducting sheet. 

The antenna yields little vertically potarized 
radiation at resonance, but as the length of the 
supporting line departs from A '4, the currents 
In its outer surface reault in Increasingly larger 
percentages of vertical radiation. It has been 
found experimentally that the antenna can be 
used over frequency bands approximately 35 
per cent wide before the maximum average per- 
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Fiona* St. Coaxial-ftd V dipole for boriionUl 
polarisation. 


rentage of vertical polarization becomes greater 
than 20 per cent of the total radiation in the 
plane containing the most vertically polarized 


energy. Since no effort is made to maintain 
balance between the two sides of the V, the 
patt . - ns tend to become asymmetrical at fre¬ 
quencies far from resonance, another factor 
limiting uaefui band width to about 35 per cent. 

Figure 31 ahowa a aketch of a simplified 
version of the antenna, a typical aet of input 
impedance characteristics, and a SlFft-fre- 
quency curve for an antenna having a buiit-ln 
low-impedance teriea transformer. Because of 
the aimplicity of the feed system these antennas 
have wlde-band u-h-f impedance characteristics, 
a set of four interchangeable antennas covering 
the 600- to 1500-mc range with ieaa than 2:1 
SWR on Sfl-ohm line. 

Figure 32 shows the measured horizontal 
piane patterns at three frequencies distributed 
over the range of a model intended for use in 
the 1176- to 1600-mc band. 


Split-Can Antenna 

Figure 33 shows a sketch of a u-h-f aplit-can 
antenna developed by the Radio Research Labo¬ 
ratory for horizontal polarization. Thu antenna 
consists of a cylinder of streamlined cross sec¬ 
tion, spilt longitudinally along the trailing side, 
and mounted normal to a ground surface from 
which its base is Insulated. The antenna is fed 
by a balanced line, which ties on at the two 
opposing edges of the split. In a tentative 
theory the edges of the split are regarded as a 
continuation of the two-wire feed ilne, the 
surface of the antenna acting as a shunt loop 
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•croH this line. Since the currents in this sur- 
fuce loop sre horizontal, tho resulting radiation 
I-.: horizontally polarized, the horizontal plane 
pattern being substantially uniform with the 
minimum only about 3 db down from the maxi¬ 
mum. When the surface of the antenna ia less 
than A/3 around, its effect ia that of an induc¬ 




tive shunt across the feed line, resulting in an 
increase in the physical length of the antenna 
at resonance. For example, the 80-cm high an¬ 
tenna of Figure 33 is resonant at approximately 
376 me, corresponding to an electrical length of 
0.376 A compared to 0.24 or leas for a conven¬ 
tional reaonani atub of almilar cross section. 


Loop antennas 

The possibilities of circular loop antennas of 
dimensions large compared with the operating 
A have been explored, independently, by 
Carter,* Foster, 1 and Sherman.* Large loop an- 
tennaahave characteristics quite different from 


those of the small ioopa used for direction find¬ 
ing at low frequencies, characteristics which 
make these antenna* attractive In certain ap¬ 
plications where horizontal polarization is 
desired in the u-h-f range. 

In the absence of experimental data on the 
impedance and pattern characteristics of full 
circular loops on aircraft this discussion will be 
limited to the presentation of theoretical data 
taken from a report by Carter.* While the im¬ 
pedance level of loops less than A/2 in circum¬ 
ference Is low, loopa of the order of A in cir¬ 
cumference have respectable input resistances. 
A loop A, 2 in circumferenc mounted with its 
plane horizontal wouid yield a very uniform 
pattern for horizontal polarization In the hori¬ 
zontal plane; unfortunately Its radiation resist¬ 
ance would be only about 13 ohms, s value 
which would have to be stepped up consider¬ 
ably. possibly by means of a sleeve, before the 
antenna would be useful for any but narrow 
band applications. 


AutcRSa* of tlie A/2 Dipole Type 

Antennas of the center-fed A/2 dipole type 
are commonly ueed for horizontal polarization 
in applications such that the nulls in the field 
pattern along the direction of the antenna 
axis are not objectionable. 


Brown’s Antenna 

An Interesting u-h-f antenna for horizontal 
polarization on aircraft la that developed by 
G._H_ Brown_The a 4 arms of the dipole 
cousiat of strong tubing held in line by an axial 
Insulating rod, the dipole being supported in a 
horizontal position A/4 out from the akin of the 
ship by means of two vertical metal cylinders, 
cloiely spaced and connected to the two arms 
of the dipole at either aide of the central feed 
point. Since the vertical supports are bate- 
grounded, s mechanically strong mounting is 
secured, while the fact that these supports are 
a 4 long insures that the antenna is electrically 
insulated from ground. A coaxial feed line, 
which may include a aerie* transformer match¬ 
ing aection, runs up through one of the aup- 
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porting cylinders, tying on to the two side* of 
the dipole at the feed point. 

In another version of thin antenna the axial 
rod aligning the two halve* of the dipoie is 
metallic and connected to the radiators only 
through metal pluga at each end of the dipole. 
Thia system i* fed from a balanced line, one 
side of the line tying on to each radiator at the 
feed point, the coaxial line* included inaide the 
radiators acting as a ahunt matching section, 
which results in flat input impedance charac¬ 
teristics over a falriy wide frequency band. 


Wire Dipoles 

Because of mechanical and wind drag con¬ 
siderations none of the antennaapreviously con¬ 
sidered are suitable for use on aircraft at fre 
quencien much beiow 200 me. For frequencies 
in the lower v-h-f range It becomes necessary 
to use wire antennaa. an example being a a, 2 
dipole of ordinary aircraft antenna wire strung 
parallel to the line of flight, supported at its 
two ends either by masts or by convenient 
points of the ahlp’a structure, and center-fed 
from a twisted pair or twinax cable. Such an¬ 
tennaa are, of course, extremely narrow band, 
and are therefore useful only for apot-frequen- 
cy applications, or for applications in which 
manual or mechanical antenna tuning la per¬ 
missible. 

The band width of wire dipoles can be con¬ 
siderably improved by making each radiator 
In the form of a cylindrical or conical cage of 
wirea, thus simulating iarge-turface conductors 
while at the same time retaining the low-drag 
features of wire antennaa. The average char¬ 
acteristic impedance of multi-wire cage dipole# 
is discussed at length in a report prepared by 
Division 16.’ 


,,M Polyphase Auteniuu 

Another example of antenna ayatem which 
has u-h-f possibilities, and perhaps even for 
much lower frequencies, is the turrstiie an¬ 
tenna developed by Brown and by Lindenblad 
for f-m and television transmitting purposes. 
This antenna, whlcii may be regarded either as 
two crossed a 2 dipoles fed in phase-quadrature 


or as four a. 4 antennas arranged along the 
diagonals of a square and fed in SIO 15 phase 
rotation, yields an unusually symmetries! pat¬ 
tern for horizontal polarization in the hori¬ 
zontal plane, and has the further advantage of 
naturally broad-band characteristics in that the 
reflection coefficient on the main feed line is 
equal to the square of that existing on the 
branch iir.es leading to the individual antennas. 
The desirable features of the turnstile antenna 
are accentuated in the three-phase Y antenna, 
which, since it has only three radiators, instead 
of four, la perhaps more attractive for low-fre¬ 
quency uae on aircraft. Thia antenna constats 
of three A/4 radiators arranged symmetrically 
in the horizontal plane, the radiators being fed 
with equal currents In three-phase relationship. 
In this syatom the reflection coefficient on the 
main feeder Is equal to the cube of that existing 
on the individual branch lines, resulting In itili 
greater broad banding due to feed than Is ob¬ 
tained with the turnstile antenna. 

Despite their advantages there are very good 
reasons why polyphase antenna systems have 
not been exploited thus far. Ill the first place 
these systems require hlgh-lmpedance com¬ 
ponent antennaa. of 100 ohms input impedance 
in the case of the turnstile, and 150 ohms In 
the case of the Y, presuming a 50-ohm main 
line While high- input-impcd*nce-A/4 antennas 
may be obtained by means of sieever. there re¬ 
mains the problem of obtaining high-impedanoc 
branch lines. Furthermore the patterns of these 
antennas depend upon proper phasing of the 
currents in the component antennas, which in 
turn depends upon a proper impedance match 
throughout the system. For this reason it Is 
difficult to measure the field patterns of these 
antennaa on aircraft by means of models, since 
not only must the antenna dimensions be prop¬ 
erly scaled, but the individual antennas must 
be accurately matched to their feed lines. The 
latter condition it difficult to realize at the a-h-f 
range uaed in model work. Whether the large 
amount of experimental work required in the 
development of theae antennaa ia juat tiled 
depends upon the need for uniform pattern and 
broad-band impedance characteristics. The fact 
remalnathnt theae are among the very few an¬ 
tennaa that have even a chance of satisfying 
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such requirements on aircraft in the lower 
v-h-f range. 

■* T ‘ Multiple Antenna* for Horizontal 
Polarisation 

Any of the antennal suitable for vertical 
polarization may be uaed for horizontai polari¬ 
zation if properly mounted. However, auch an¬ 
tennal, mounted on one aide of the fuselage 
in a horizontal position or at an angle with the 
aide, of the fuselage, neceaaarliy give asymmet¬ 
rical pattern!. If symmetry i» deaired it is 
necessary to use two aimilar antennas mounted 
in corresponding positions on opposite aides of 
the plane and fed in proper phase relationship. 
Such antenna combinations have been devel¬ 
oped by the Radio Research Laboratory in col¬ 
laboration with the Ohio State University Re- 
sesreh Foundation. When antennaa made up 
of A/4 stubs and cones are fed in phase, the 
horlzonta plane pattern contains lobes ahead 
and aatsm for vertical polarization, with nulis 
in the corresponding positions for horizontal 
polarizstif-n; when the antennas are fed 1M> : 
out of phase the situation is reversed. As far 
as symmetry is concerned, these antenna sys¬ 
tems become leas satisfactory the higher the 
frequency. 

Since no compenastion Is gained in in-phase 
or In out-of-phase feeding. Individually broad- 
band antennas must be used If band width Is 
desired. 


isj* Surface or Interior Antenna* 
Flush-mounted antennas auch as slots, horns, 
and wedges are auitabie for horizontal polari¬ 
zation at upper v-h-f and u-h-f frequencies In 
many cases, such antennas, mounted singly on 
the underside or wing or fuselage or in pair* 
on either aide of the ship, have pattern and 
impedance characteristics aatiafactoiy for cer¬ 
tain applications. These antennaa are described 
elsewhere in thia report. 

... ANTENNAS FOR BOTH VERTICAL 
AND HORIZONTAL POLARIZATION 
While any of the conventional linear anten¬ 
naa can be mounted at odd angle* with the skin 


t'-H-r amp v-H-r ___ 

of the ship in order to secure varying amounts 
of both horizontal and vertical joiarization. 
and while other antennas, such as fana and 
loops, incidentaiiy give radiation of both types, 
there ara special antennas for this purpose. 


The Fish-Hook Antenna for Circular 
Polarization 

The M2201 and M2202 antennas developed 
by the Radio Research laboratory consist of 
two thick dipoles, crossed at right angle*, with 
the Individual radiating elements bent down¬ 
ward at an angie of approximately 30° with 
the horizontal. Each radiator is supported by 
one conductor of a four-conductor open line A/4 
iong. This line leads into the interior of the 
ship to a phasing and matching unit which 
feed* the two dipoles In phaae quadrature and 
which matches the combine/ input Impedance 
to tb* main transmission line. A sketch of the 
antenna, together with its SWR-frequency 
characteristic and measured field pattern*, is 
shown In Figure 34, 


M 



The sntenns ia intended to be mounted on 
the underside of the fuseisge of s piane, the 
maaimuro radiation being dowoward with sp- 
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proxiiti !el> equal vertically and horizontally 
polarized components. The antenna feed sys¬ 
tem is ho arranged that it can he used with 
either one or two transmitters. It is designed 
to be mounted Inside a plastic radome. 


Tkailinc-Wike Antennas (H-F and 
1.iOW V-H-F) 

The simple trailing-wlre antenna used on 
aircraft for long-range communication in the 
m-f and h-f range* is an example of an antenna 
with which greater or less amounts of either 
vertical or horizontal polarization may be ob¬ 
tained. it consista simply of a length of copper- 
clad steel antenna wire wound on a reel and 
passed out through a fair-lead installed In the 
bottom or side of the fuselage. The wire ter¬ 
minate* in a wind sock, for horizontal polariza¬ 
tion, or in a streamlined weight If vertical po¬ 
larization is desired. The antenna is fed from a 
coaxial cable through a contact located where 
the wire enters or leave* the fair-lead, and may¬ 
be considered as working against the skin of 
the ship as ground. 

When trailing wires are operated at a fixed 
length less than A/4 their impedance character¬ 
istics are marked by low resistance and by 
large capacitative reactance, varying rspldly 
with frequency. If transmitting efficiency is 
desired, the antenna must be fed through a 
matching section or tuning unit containing 
manually adjusted or motor-controlled variable 
lumped elements. When trailing wires are op¬ 
erated at some resonant length, such ss A/4 
or 3 a/ 4, they are, of course, nonreactive and 
have a reaaonsbly large input resistance which 
varies with frequency in a complicated manner 
depending upon the size of the plane, the length 
of the wire, and the relative positions of plsne 
and wire. Imder many conditions thia resia- 
tance is close enough to 60 ohms so that the an¬ 
tenna may be fed directiy from the transmis¬ 
sion line without recourse to matching sections. 
If extreme transmitting efficiency is required 
the antenna resistance may be matched to that 
of the feed line, by means of simple circuits 
of coils and capacitors, as is shown by the ex 
ample of Figure 35. 


At the low frequencies at which trailing- 
wire antennas are ordinarily used, matching 
sections consisting of lengths of transmission 
line are too bulky to fee practical. 

The patterns of simple trailing antennas in 
the lower v-h-f range are generally messy as 
compared with those of the fixed aircraft an¬ 
tennas recently developed for low-frequency 
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Fioukc 86. ChmracWnitlc* of remnant tralling- 
wi** antenna operated at 3A/4 romnsnee, (t)»ta 
from ARL,) 


STINGEREE ANTENNA 

The stlngeree antenna, developed by the Bell 
Telephone Laboratories, is intended for broad¬ 
band use, for either vertical or horizontal po¬ 
larization, In the lower v-h-f range. 

The antenna consists of a A 2 dipole of the 
akin-back type, trailed from the plane at the 
end of 50 to 100 ft of standard Coaxial cable. 
The antenna, sketched in Figure 36, contains a 
two-element transmission line matching sec¬ 
tion which la built into one aide of the dipole. 
The radiating surfaces of the dipole consist of 
cylindrical metal-braid sheathing, quite similar 
to the armor used on RG-35. U coaxial cable. 
The far end of the antenna terminates In a 
streamlined weight. The combination feed and 
tow cable Is colled just before entering the 
dipole proper, the coil acting as a high-im¬ 
pedance choke in series with the antenns and 
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therefore tending to keep radiating currenU 
from the outer surface of the feed line. 

This ntcnn» is aaid to have b*nd widths of 
the order of 25 to 35 per cent at the extreme 
low end of the v-h-f band, the SWR at the in- 
put of the feed line, some 50 to 100 ft from the 
antenna, being lens than 2:1 over such ranges. 



Kioiirk 36. StinaerM aaUnna of Bull Telephone 
Ltbora lories. 


The pattern of the atingoiee Is said to closely 
resemble that of a a. 2 dipole in free space. The 
antennn has the further advantage In that It 
i« towed A or more behind the ship and there¬ 
fore its radiational characteristics may be ex¬ 
pected to be much less dependent upon the 
nature and slxe of the plane than are those of 
ordinary fixed aircraft antennas. 

SURFACE ANTENNAS 
By mounting an aircraft antenna inside the 
plane, with Us radiating aurfaces flush with the 
skin of the shi,<, many of the problema of an¬ 
tenna design, including wind-drag, mechanical 
strength, icing, precipitation atatic, and tactical 


conapiculty, are aolved at once, simply by 
elimination. These apectacuiar ad ventages have 
aroused great interest in surface antennaa, an 
interest which h«s extended to the development 
of planes especially designed to accommodate 
such antennas, an example being the Bell D-6, 
a plywood plane upon whose nonconducting 
surfacea antennas were simply to be painted. 
Relatively little, however, had been accom- 
pliahed in the field st the time the present re¬ 
port wai prepared. In a rather complete file of 
the report* issued by the various laboratories 
engaged in aircraft antenna research there was 
not a single one dealing with surface antennas 
at frequencies lower than 3,000 me. 

The following material constitutes what little 
was learned about aurface antennaa at thia 
laboratory <RCAL). It represents work done 
here largely at the request of the Radio Test 
Department, U. S. Navsl Air Station, Patuxent 
River, Maryland. 
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The Single'Slot Antenna 
Figure 37 shows a sketch of a simple slot, 
approximately 7 a 8 long by A/30 wide, cut out 
of the akin of the ship. The slot is backed by a 
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rectangular resonating cavity, of the name 
cross section, and A/4 deep. The system Is fed 
by a short cylindrical radiator, running across 
the slot, and introduced along the center line of 
the wide side of the cavity as an extension to 
the inner conductor of the coaxial feed cabie. 

Figure 38 shows that the system behaves a* 
nn antiresonant circuit of fairly high Q. 


to the feed line, at one frequency, simply by 
adjusting the position of the feed. 

Because of the steep characteristics of the 
antenna input impedance It is possible to ob¬ 
tain only four percent band width by means 
of a conventional A/4 transformer, a band 
width which may be approximately doubled if 
a two-element transmission line matching sec¬ 
tion Is used. In view of the size of the antenna 
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The radiation from slot antennas ia confined 
to the same side of the ship as that upon which 
the antenna ia located. 

* Double-Slot Antenna 

Figure 39 shows a sketch of a system of two 
parallel slots, each 3a/4 Ions, apaced a. 4 spart. 
fed In phase. Although no Impedance measure¬ 
ment* have been made for thia antenna. It is 
not likely that the band width of this aystem 
will be greater than that of a single alot. since 
there la no compensatory effect in the iu-phase 
feeding of Identical antennas, and since the 
effect of the mutual impedance at anch amall 
spacing Is likely to be adverse. 



HliH IMPED*MCE TSSSS 

itoLXTiNO a»oi»TiHa sussace 
f*OM st»l OS OSOUNO-PL*'* 


Fioi-Mt 10. Designs nf double, .lot ■n«onn»» by 
Undenblad. 

The field patterns of a double slot mounted 
under the wing of a PBY-oA are more sym¬ 
metrical than those of the single slot, and the 
downward beam in the vertical plane trana- 
verre to the siota is sharper. 


l.indenhiadV Double.Slot Antenna 

Figure 40 ahowa alternative arrangements of 
two slots spaced a '2 apart, each slot being fed 
through a A/4-deep resonant cavity which ia 
folded back parallel to the akin of the ship. In 
this aystem there Is evidence that surface cur¬ 
rents in the A/2-wide atrip are responsible for 
most of the radiation, the strip behaving much 
like an array of thin A 2 dipoles lined up aide 
by side. The a/4 feed cavities serve to isolate 
the radiating surface from the rest of the sur¬ 
face of the ground plane, performing the 
double function of placing a high Impedance in 
series with the Immediately adjacent outer sur¬ 
faces and of insuring that what current does 
exist in these surfaces will be in phase with 
that in the strip. 

SWR measurements indicate that band 
widths of the order of 10 to 15 per cent may be 
obtained without recourse to matching sections, 

Lindenblad’a Broad-Band Slot 
Antenna 

A very interesting slot system, which In¬ 
cludes a novel broad-band feed, i* "ketchcd in 
Figure 41.“ From the outside of the ship the 
antenna appears as two thin slots, approxima¬ 
tely 0.65a long, spaced 0.16a apart. From the 
interior of the ship the antenna appears aa « 
thin square box, approximately 0.65a on a side 
snd 0.07a thick, so oriented that the two outer 
slots lie parallel to one diagonal. Thia box is 
divided into two layers of approximately equal 
thickness by means of an Inner sheet of metal, 
which contains an inner slot 0.06a wide lying 
under the atrip separating the two outer alota. 
A septum attached to thia atrip passes down 
through the inner slot to the bottom of the box. 
A feed strip, shaped as an equilstera! triangle, 
leads from one edge of the inner alot to the 
bottom corner of the lower layer of the box. 
where It ties on to the inner conductor of a 
standard coaxial cable connector. By sys¬ 
tematically varying the width, length, and 
spacing of th, outer slots, the spacing of the 
inner alot, and the shape of tl : feed triangle, 
it haa^bpen possible to attain band widths of 
20 per cent without need for external matching 
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sections. Much wider b«nd width* «re possible directly from n coaxial line entering the middle 


if the standard of matching were to be slightly 
relaxed, say to 2.5:1 SWR on a 50-ohm line. 

The SH'fl-frequency characteristic of a 
broad-band alot ayatem designed for altimeter 
uae la included in Figure 41. 



Louvre, or Wedp;r, Antenna 

The louvre antenna developed by P. S. Carter 
for an application quite remote from communi¬ 
cation* ia an interesting example of a flush- 
mounted intennn. The system, Figure 42, con¬ 
sists of three ,- e ry thin wedges arranged to 
overlap so that their open base* are spaced 
approximately * 4 apart. The aystem is in¬ 
tended to be mounted upon the side or under¬ 
surface of the plane, depending upon the polar¬ 
isation and pattern desired, the open ends of 
the wedges appearing as long thin slots covered 
with low-loss dielectric, the antenna being fed 


wedge. Tht impedancp characteristics of the 
anter.ns are auch as to make it very sharply 
resonant. The field pattern, except in the plane 
normal to both the surface on which it Is 
mounted and the length of the louvre openings, 
consists of fairly sharp single lobes, the posi¬ 
tions of which in apace may be adjusted simply 
by manipulating the tuning condensers in the 
two outer v 



*• n ill *4 m*tr applies- 


While the louvre antenna has few features 
attractive for communication purposes, it docs 
have possibilities for other use* such as drift 
indicating, tail warning, and applications 
where e;«Pv managed lobe switching is dpsir- 
able. 

The Wavrgiiiile Antenna 

The waveguide antenna sketched in Figure 
43 is a special type of horn antenna, i , a horn 
of zero flare. It is excited in the H„, mode by 


CONHDK.NTItL 





2MI 


1 



material mounted flush with the akin of the 
■hip. The patterns of a waveguide antenna hav¬ 
ing the dimensions shewn in Figure 43 and 
mounted in the tall of an F6F are ahown in 
Figure 44. This antenna was intended for hori¬ 
zontal polarization at 400 me, the guide being 
oriented an that Its long aide ia vertical. The 
patterns are quite aimilar t.~ 'hose predicted by 
the theory and experiment of Borrow and 
fireene. 


Antennas in Semicylindrical Cavities 


Figure 45 is a conventional cylindrical anten- 
X^smn 'K yet * «*• na mounted axially in a aemicylindrical recess 

in the skin of the ship. The recess or cavity 
* * “ " *»’’*« •• ••*'“ *♦“’ has an aperture approximately 0.4 a square 

horn of w*- ,whlch can be covered with a dielectric sheet 

means of a stub antenna mounted parallel to mounted (lush with the surface of the plane, 
the short side of the guide, located approxi- The SlfTf-frequency charaeteriaties show that 
mutely A/4 from the closed end and fed directly while no band width Is attainable with a simple 
from the eoaxiil feed line entering at the cen- stub radiator in the cavity fthe resistance I.* 
ter of the long side.- too low and the reactance variation too steep 

The open, or radiating, end of the guide can in this case), the use of sleeve antennas reaulta 
be covered with a sheet of low-losa dielectric In quite appreciable band widths. 


VERTICAL FORE-AND-AFT PLANE 


HORIZONTAL PLANE 


DOWN 

ia of Figure 43, operating on 400 


ASTERN 


pattern of waveguide antenna havii 
i mouth of guide facing directly aft. 
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Conclusions 

The material presented in the preceding sec¬ 
tions summarizes what Is known about surface 
antennas at this laboratory at the present time. 





From this data we draw the following conclu¬ 
sion! : 

1. Surface antennas, whether they be slots, 
horns, or cavities, are much larger relative to 
the operating a than are conventional exterior 
antennas. The maximum dimension Is usually 
of the order of a A/2 or more. While slots or 
horna of such aperture are feasible nt frcquer. 
cles down to 100 me (assuming their use on 
large aircraft), a 30-mc slot antenna would 
require quite a little mechanical engineering. 
Surface antenna* also have more or less bulk 
inside the skin of the ship, a fact which means 
that Installation of even a small h-f antenna 
will be something of a major operation. 

2. Surface antennas have much less Intrinsic 


band width than ordinary antennas. For most 
communication purposes this is not much of an 
objection, particularly in the iight of recent 
developments resulting in band widths of the 
order of 20 per cent or more. 

3. Surface antennas have Held patterns 
characterised by more directivity than Is usu¬ 
ally desirable In communication work. They do 
not transmit or receive energy In directions op- 
]>osite to that in which they face, a situation 
which can probably be remedied by mounting 
two antennas on opposite sides of the ship. 

4. Surface antennas, while having reached 
a stage of development permitting their Im¬ 
mediate application to many aircraft antenna 
problems, conetitute a rich and virgin field of 
research, particularly along the linos of In¬ 
creasing band width (by continued develop¬ 
ment of broad-band methods of feeding them), 
reducing hulk (possibly by means of filling 
them with low-loss dielectrics of high Induc¬ 
tive capacity), and improving patterna hy 
means of multiple-antenna systems. 


•••• POK ER CAPACITY OF AIRCRAFT 
ANTENNAS 

The maximum power that can be handled 
by aircraft antennas depends upon the nature 
of the antenna and upon atmospheric con¬ 
ditions. 

Power capacity varies approximately as the 
square of the conductor diameter, and conse¬ 
quently will be greater for thick cylindrical 
and conical antennas than for antennas con¬ 
sisting of one or more small wires, such as 
fixed- or trailing-wire antennas or fans. 

Since breakdown due to corona or arc-over 
depends upon field strength rather than volt¬ 
age, maximum power will depend upon the 
orientation of the antenna with respect to the 
ground plane against which it is worked, being 
greater for simple vertical antennas than for 
antenna* having components parallel to the 
skin of the ship. Furthermore, since ar.tenna 
voltage for a given power input is a function 
of the current distribution along the antenna, 
it is evident that an sntenna with top-ioading 
will have a different power limit from that of a 
simple A 4 stub. 
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Antenni Length «nd Resistance 
The antenn* voltage for a given power inpul 
la proportional to the square root of the input 
resistance, Implying that the maximum power 
for « given corona voltage will be proportional 
to the radiation resistance of the Antenna. 
Hence a a/ 4 or longer Antenna will handle mor* 
power than a short AntennA. Since an electri¬ 
cally short antenn a requires Inductive iosdlng 
to be fed at all, and *lnce the ohmic resistance 
of the coil may be of the aame order of magni¬ 
tude hi the radiation resistance nf the antenna, 
an appreciable fraction of the input power wili 
not reach a short antenna at oil. The ioading 
coll must he designed to dis Ipate that frac¬ 
tion safely. 


Antenna Surface 

The surface of a high power antenna ahouid 
be smooth snd of relatively larger radius of 
"•jrvature, since corona sets in at lower volt¬ 
ages the rougher the surface, 

The effect of dirt on the antenna surface Is 
to start local discharges and may cause the on¬ 
set of general corona at lower voltages. 


Atmospheric Conditions 

The breakdown voltage of air is a compli¬ 
cated function of its density, and so depends 
upon pressure and temperature. The dielectric 
atrength of uir increases with density, density 
decreases with decreasing pressure and with 
increasing temperature. The power capacity of 
aircraft antennas is there/or*, less at high alti¬ 
tudes than *t iow, the effect of decreasing pres¬ 
sure much more than compensating the effect 
of decreasing temperature as the altitude in¬ 
creases. 

While moisture present in the air has little 
effect upon the starting point of corona, once 
corona ia started rain and humidity reduce the 
spark-over voltage greatly. 

Ionisation pre-existing in the air surround¬ 
ing the antenna has iittie effect, on the onset nf 
ciTons. However if the plane picks up sufficient 
charge, corona in the form of precipitation 


static will set in, regardless of the voltage on 
the antenna. 

'• Summary 

The problem of power iimita of aircraft an¬ 
tennas ia too complex to permit solution by 
simple, unqualified rules or formulas, It ia, 
however, possible to make simplifying assump¬ 
tions which may be useful in a qualitative way 
in showing tne effect of a few rt the factors 
entering into the problem. The curve#; of Fig¬ 
ure 46 represent such approximation!!. While 
in particular cases tuey may not even be cor- 



FiQW 46. Power-handling limit of A/4 a-itvnna 
■t elevation of 4",000 ft. 


rect as to order of magnitude, they ehow, in a 
general way, the relation between power limit 
and antenna diameter for two types of anien- 
nas Important in aircraft radio, 


ia.ii PRECIPITATION STATIC 

Precipitation static interferes with aircraft 
communication when the receiving plane passes 
through rain, enow, or through clouds of dust 
or ice particles. When first observed the static 
appears as a series of popping noises in the 
receiver, which noises finally develop, as flight 
continues, into a continuous roar rompletely 
obscuring the signal. The effect seems to be 
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worse with higher speed plane*, and in a given 
case static can usually be reduced by reducing 
speed, 

Rrmnlifi 

The elimination of precipitation static is 
Achieved by a twofold attack on the problem. 

1. Sharp points on the surface of the plane 
are renir.m'.. -An far as antenna design is con¬ 
cerned this demands that the use of fine wire 
or of fittings involving surfaces of small radius 
of curvature be avoided. 

2. Provision is made for dissipation of the 
charge accumulated on the plane In a noise-free 
manner at a point remote *rom the antennas. 
Such discharge can be effected by means of a 
very ,h n wire, ending in a sharper point than 
any the aurface of the plana, trailing from 
the rear of the pinoe. A large-vain- eaistor in 
aeriei with tliis wire tends to damp the oscllla- 
tions ordinarily associated with the discharge. 


«•■<* AIRCRAFT ANTENNAS AM) AIR 
DRAG 

All antennas projecting beyond the surface 
of the airplane are aerodynamic liabilities in 
that they are sourcca of parasitic drag. At ordi¬ 
nary subeonic velocities parasitic drag may be 
considered aa consisting of two distinct types; 
frictions! drag and form drag, which although 
Interrelated in their effects will be considered 
separately. 


•*■** 1 Frirt ion si Drag 

Frictional drag ia the resistance experienced 
by a moving body due to the viscosity of the air 
through which it moves. It is always propor¬ 
tional to the total aurface area exposed to the 
airstream. Any moving surface Is surrounded 
by a transition layer in which the air velocity 
relative to the surface Increases from iero at 
the surface (neglecting the phenomenon of 
slip) to the full value of the stream velocity at 
the outer edge of the boundary leyer. For iow 
Reynolds numbers (the product of the sir 


density, the stream velocity, the maximum 
lines r dimension of the body normal to the 
stream, and the reciprocsi of thr coefficient of 
viscosity of the air) the flow In this boundary 
layer la laminar, consisting of layers in which 
all or almost all the fluid motion is parallel to 
that of the stream. Under this condition the 
coefficient of frictional drag is almost Inde¬ 
pendent of the nature of the surface of the 
body, depending only upon the Reynolds num¬ 
ber t nd the shape of the body. At higher Reyn¬ 
olds numbers, shove a certain critical velocity 
which depends upon the shape of the body, the 
flow in the boundary layer becomes turbulent 
nnd there is greater frictional drag For turbu¬ 
lent flow, frictional drag Is greeter the rougher 
the surface. 


Form Drag 

Form drag la due to tha disturbance created 
in the aim a by passage of ’ V moving body 
and depenus largely upon the shape of that 
body. For objecta with sharp edges the form 
drag la virtually Independent of Reynolds num¬ 
ber, being almost entirely dua to the differ¬ 
ence in pressure upon the leading and trailing 
surfaces. For rounded bodies the form drag 
coefficient depends upon the Reynolds number, 
the surface roughness, and the degree of turbu¬ 
lence in the airstream. Such rounded bodies as 
spheres and cylinders may have smaller dr-g 
coefficients at high velocities than at low, the 
reason being that at low Reynolds numbers the 
bouudary-layer flow is laminar, the flow sepa¬ 
rating on the leading side of the body, resulting 
in a wide wake and a large form drag, while at 
higher Reynolds number* the boundary flow is 
turbulent and does not separate until it reaches 
the trailing side of the body, resulting in a nar¬ 
row wske and a corresp«..dingly smaller drag. 
The magnitude of this effect can be startling. 
Ir the case oi a sphere the drag coefficient aud 
denly decreases sixfold when the velocity 
reaches the critical value at which turbulence 
seta in. Turbulence pre-existing in the air- 
tream reduces the critical velocity at which 
<hl* deci case in form drag occurs. At still 
higher velocities, beyond the critical velocity, 
the drig coefficient rises slowly with increasing 
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velocity until sonic speed. (75 per cent or more 
of that of sound) are lreached. 

At sonic velocitie. the entire character of the 
airflow around the moving body changes, the 
leading surface* setting up shock or compres¬ 
sion waves resulting In a type of drag known as 
wave drag. The wave-drag coefficient rises 
rapidly a* the velocity of the body approaches 
that of aound. the total drag becoming much 
greater than that aacribable to form or friction. 


i*i»* Calculation of Antrim* Drag 

Tables of values of frictional- and form-drag 
coefficlenta are available In the literature of 
icrodynamics which also includes formulas by 
mcana of which the drag on a given antenna 
may be computed with reasonable accuracy for 
either laminar or turbulent flow. Wave drag is 
a relatively new phenomenon, encountered since 
the st»rt of the war with the attainment of 
sonic velocities In divea with auper-fast plane* 
Very little quantitative data Information on 
wave drag was available In published litera¬ 
ture at the time this report was prepared. 

It should be remarked heie that the total 
drag of a body moving at ordinary speeda may 
consist of frictional drag and form drag In 
almost any proportion, ranging from 100 per 
cent frictional drag for a properly designed 
streamline form to almost ICO per cent form 
drag for a smooth aharp-edgeo piste. 

An approximate semi-empirlcal formula for 
the total drag of a smooth circular cylinder—a 
ahnpc common among conventional aircraft an¬ 
tennas—Is 


plane tha he -s 'mptions underlying the drag 
formulas ar. not fulfilled. Is to measure the 
drag of a model of the antenna mounted on a 
scale model f the plane b, means of a wind 
tunnel. An alternative method is to mount the 
antenna on the .ictual plane and put it through 
all the maneuver* likely to be met in ordinary 
flight. 


I,,u Siinpb Means of Reducing Drag 

Frictionaf drag may be reduced by smooth' 
Ing the antenna surface. While at low speeds 
the nature of the surface is more or less im¬ 
material. at high speed* (turbulent flow) a 
smooth surface ii essential to low drag. 

Form dray muy be greatly reduced by 
streamlining, that is, by so shaping the an¬ 
tenna that it produces little eddy-current dis¬ 
turbance as it passes through the air, The shepe 
of the streamline form resulting in minimum 
drag depends upon the velocity, a ratio «f 
major-to-minor axis of 2 or 3 being satisfactory 
for mode rat* sneeda. of the order of 200 mph; 
larger ratios. I.e„ thinner forms, are required 
at higher speeds. 

The effectiveness of streamlining In reducing 
drag Is evident in Table 1, In which the drag in 
po"nds per projected foot for standard circular 
aircraft cable is compared with that for stream¬ 
lined wire of siroiiir nominal diameters, 

TaM.i, I. Effect of ►tic*mlir.ln*on anlninaihaa 

I tins in pounds per projected foul »1 

Nominal diameter | 100 mph 

Circular cable Streamlined cable* 


D 0.0030 V 1 

where D 1* the drag In pounds per square foot 
of projected area and V la the velocity In mph. 
This formula result* in good agreement with 
experiment for wire and rod antennas moving 
at moderate speeds. 


i*.i. • Measurement of Antenna Drag 

A more direct procedure, giving /torn satis¬ 
factory results when the antenna la nf compli¬ 
cated shape or located ill »ueh a position on the 


0 3128 ' 0 M0 0 0H7 

0 *75 0 116 0 077 

U .80 1 21 0 002 

While antenna wires are rarely streamlined 
in prsctice because of the difficulty nf maintain¬ 
ing the wire orientation in flight and because of 
the fact that the ding of the antenna fittings 
are usually much greater than that of the wire 
itself. It Is worthwhile to st.vamllne antennae 
f thick cylindrical form. 
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Olhtr Forlorn Affecting Anlenna 
Drag 

Obviously the length, cross aection, and 
orientation of the antenna are important fac¬ 
tors in determining its total wind resistance. 
Unfortunately these parameters are determined 
by electrical considerations, which—since they 
are inexti icably connected with the reason for 
having the antenna on the airplane in the first 
place—must be regarded as being at least as 
important as the matter of air drag. 

Antenna length la controlled by frequency. 
A conventional transmitting antenna, to be rea¬ 
sonably efficient and capable of even modest 
hand width, must be of the order of A/4 long. 
Since wavelength Inversely proportional to 
frequency, the drag of a smooth-surfaced cylin¬ 
drical antenna will also be inversely propor¬ 
tional to frequency, other factors remaining 
constant. Thia situation is emphasized in Table 
2 in which the approximate drag of amooth 
cylindrical miteuiMS 1 in. in diameter, moving 
at 200 mph, are compared for various resonant 
frequencies. 

T*»l£ 2. Antenna drag as a function of fre¬ 
quency. Drag on vertical quarter-wave antennas 
I in. in diameter at 200 mph. 

Imim-ni-v Anti-lul* ii-nittli Urn* Wisli-il power 
Imc- tin 1 ’ll" <hp> 

AIXXI I 0 Nil U 44 

,«KI 10 H3 4 4 

.X) li« MO 410 


Theae figures are only approximate, and In 
certain antenna installations may not even be 
of the right order of magnitude. They are in¬ 
tended only to support the following rule: If 
drat mvit br mintmiitd, afoul low freqoen- 
c i .trticulurly if the impedance and pattern 
requirements are such as to demand the use of 
a conventional exterior antenna. 

The cross-sectional dimensions of conven¬ 
tional antennas are controlled by the band 
width desired. Neglecting special cases in 
which the s icnnn im pm a nee U markedly 
aiTi-eted by it-. !n< ition on the particular plane 
invoked the fat* -i tlie antenna the greater ita 
intrinsic band width, assuming that it can be 


fed in a manner which will not detract from 
that intrinsic hand width. Other things being 
equal, if the impedance characteristics of 
given h-f antenna of cylindrical form are to be 
duplicated at a lower frequency, the cross-sec¬ 
tional dimensions of the antenna must be 
scaled up in the same proportion as Its length. 
The consequences of this fact on air drag as a 
function of frequency, for constant band width, 
is thou n in Table 3. 


Tails S. Anlrnnu Jr *r u ■ function of fre¬ 
quency. Drug -.1 verticil quarter-wive a ntennai 



:« 100 25 0 2.100 l.lix- 


Again the purpose of the table U purely ..lus- 
tiative, to show that, for conventional antennas 
at least, Ike desire* for band width at low frr- 
quenrieH and for foie drag art inrompatibU. 

Antenna orientation Is controlled by the 
nature of the pattern and bv the type of polar¬ 
ization required. For vertical polarization in 
the v-h-f and u-h-f bands, orientation is uaually 
not a factor, since a vertical a/ 4 antenna is 
necessarily perpendicular to the airstream. For 
vertical polarization in the lower v-h-f and 
higher h-f ranges, where flat-top antennas must 
be used, the horizontal portion of the ant.Tina 
should be strung back parallel to the line of 
flight. For horizontal polarization the antenna 
should be oriented so that it present* a mini¬ 
mum projected area to the wind stream, provid¬ 
ing such orientation is consistent with the 
nature of the field pattern desired. 


Special Low-Drag Antennas 

In many inu'anecs it ia possible to aatisfy the 
poiar'Zii'.lon, pattern, end impedance require¬ 
ment* of a given problem 1 . ^ -ans of antennas 
having much leas air diav han the simple 
wires, stubs, and whips to wh.ch the preceding 
discussion applies A classic example of a aatis- 
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factory low-drag antenna is the wire fan de¬ 
veloped by the Antenna Section, Research Divi¬ 
sion, Aircraft Radio Laboratory, and described 
elsewhere in this report, Other antennas hav¬ 
ing reduced drag to the extent that they are 
shorter than conventional radiators, are treated 
in Section 18,6,3. 

The most effective way to minimize drag is to 
remove the antenna from the airatream, placing 


it inside the akin of the ship. Several such an¬ 
tennas are described in Section 18.9, 

In many cases low-drag antennaa nf the types 
mentioned above will have impedance, pattern, 
or mechanical features making them unsuitable 
for a particular application, in which cases 
about all that can be done is to reduce friction 
by smoothing the antenna surface and to reduce 
form drag by streamlining. 
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DEVELOPMENT OF FAIRED-IN ANTENNAS 


Development of a euiteblc daviee for exrltlnf the aur- 

f«e of an ail-metal plane to **rv« aa the radiator. 
SloU, bar*, etc., are looked upon aa axelllng device* and 
not at the primary radiate<■■., Field pattern, aurface 
<u Trent, and impedance meaaurementi were made on 
acale-dowR modela at , wavele nf th of 10 cm and or 
full'Kale plane modela uaing v-h-f frequence*. 


IM INTRODUCTION 

I r antenna* in the v-h-f band are to be used 
on all-metal high speed aircraft It la neces¬ 
sary that the antennai be streamlined Into the 
contour of the airplane. This means that the 


exciting device that would not protrude, that 
v. ould be compart, that would have suitable Im¬ 
pedance characteristics, and that would give 
the required Held pattern. 

Although the work waa only well under way 
at the close of the war and the project termi¬ 
nated, much work was accomplished that will 
serve as background for It* continuance under 
the Office of Naval Research, 

DEVICES INVESTIGATED 

The following current-exciting devices were 
Investigated, 




aurface of the plane becomes an Important 
component of the radiating system. In fact, 
the approach in this project* was to consider 
the current on the aurface of tbe plane as the 
principal source of radiation. The plan was 
to investigate the possibility of designing an 


Project la-lio. Problem No. 8. 
. Harvard Univeraity 
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On Slteeu al 10 Cm 
Slot Antennas 

Slot antennas are recognized by the presence 
of these features; (1) the surface to be ex¬ 
cited, (2) a cavity, (3) a slot to coup'c the 
cavity to the surface, and (4) a dipole or other 
exciting device to aet up a field In the cavity. 
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W Slot. The advantage of thia typ 'lot 
ov.r most other* ia that the akin oi tru lr- 
plane need not be cut except for the coaxial 
line. Two W alots were investigated having 
the following dimenalons (aee Figure 1): 

W-l (short alot) 

l 0.10a d 0.29a u> 0.03a. 

W 2 (long slot) 

l 0.60a d 0.45a u> ■ 0,03a. 

A Slot. The essential dimensions of thia 
type of aiot are shown in Figure 2. Two models 
were examined having these dimensions: 

A-l (narrow alot) u 0.02 a l 0.64a. 

A-2 (broad slot) «• 0.315 a l 0.64a. 



reverting sleeves, one sleeve located at each 
end of the bar beneath the surface. The pur- 
no ■ of the phase-reversing aeetions is to in¬ 
case the radiation resistance by spreading 
the current on the surface. If these sleeves 
are not present, the surface current la merely 
the image current of the bar. This current falls 
off very rapidly as one moves away from be¬ 
neath the bar. The radiation resistance is low 
without the sleeve because the Image current 
and the bar current are j,. opposite directions 
and for thia reason the field of the bar tend* 
to be cancelled by the field of the image cur- 

re The following bar antennas were tested. 



H Slot. This type of slot (. igure 3) was 
used in an investigation of the proper location 
of an AN APN-1 altimeter in a P4M bomber. 
(See Chapter 20.) 


C Slot. Thia slot (Figure 4) was devised to 
see what effect bending the slot back on itself 
would have on the aurface current and field 


pattern. 


Bar Antbnnab 

A simple bar nntenna consists of a metal rod 
parallel and very close to the surfac to be ex¬ 
cited, together with two coaxial type phaae- 


1. B-l end-fed bar. This was adapted from 
the B-2 center-fed bar by using an unbroken 
bar and hy covering up the center section. The 
coaxial cable from the transmitter was eon- 
nected to one of the coaxial fittings, the other 
fitting was connected to a variable-length line. 
This Utter connection permitted locating the 
maximum current at the center of the bar. The 
bar length waa about ".5 a. 

2. B-2 center-fed bar. The coaxial cable from 
the transmitter was connected to the center as 
shown in Figure 5. The two side fittings may 
te connected together by an adjustable length 
of coaxial line or each fitting may be attached 
separately to an adjustable length of line. In 
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either cue the Adjustment i* for optimum lo¬ 
cution of the current maximum. 

3. 2B-1 parallel-bar antenna. Two B-l ban 
separated by about <i.5a (adjustable), driven 


phase difference adjusted for circular polarisa¬ 
tion. 

5. i> 4 B-1 or half-bar. » *• — 1 

of the B-l antennas a •• 


fat* t d C«t ■ 

either in phase or 180° out of phase. The the middle of the bar. Therefore it can be con- 
length of the lara was about 0.5 a. nfeted directly to the surface at this point 

4. 2BX-1 crossed-bar antennas. Two perpen This makes possible an antenna of half the 
Jicular B-l antennas of standard site with length of the B-l bar. 
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On Sheets in the V-H-F Band 
B-I and B-2 antennas were tested for their 
proper impedance characteristic:'. Various 
sizes and shapes of bar* and phaao-revening 
ileevea were tested. 


Position 3 front right 0.47* from the nose 
of plane. 

Poiition 4 rear right 2.75* from the nose 
of plane. 

Total length of plane was 5.3*. Combina- 



1 On a Scaled-Down Model of a P47N. 


Fuana 6. Drawing of renter-farf B-2 bar a.B* 1 • 

tions of the above poaitions uaing I 
antenna* were also used. 


M 


Slot Antenna* 

A W slot was adapted to the vertical stabi¬ 
lizer and tested for 360“ coverage with good 
results. 

Ba* Antennas 

The B-l end-fed bar was mounted vertically 
on the sides of tho fuselage In the following 
positions: 

Position 1 front left 0.23* from the none 
of plane. 

Position 2 front left 0.87* from the nose 
of plane. 


Stub Antenna 

A vert'cal stub * 4 in length was mounted 
on top the fuselage at 2.87* from the nose. 
Thii antenna was useful for comparison pur 

post*. 


>• j METHODS OF MEASUREMENT 

Hcaturements undertaken under the project 
were (1) the field patterns of the antennri a* 
well as the effect of olfferent condition* o. ad¬ 
justment. (2) the distribution cf surface eur- 
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rent on the sheet of metai or the model plane modulation could be varied In frequency from 
on which the antenna was mounted. The re- 500 to 5,000 cycles. 

sulta of luch measurements were to be prop- The antenna system was mounted on a re- 
erly correlated. moteiy rontrolied turntable driven by geared- 

down aynchronous motors and equipped with 
aelayna for remote Indication of the azimuth 
Field Pattern Measurement* position of the antenna. 

In addition the antenna couid be rotated 
The antenna under teat waa excited through about a horizontal axis to give an "elevation" 
a 50-ohm coaxial cable from a modulated klys- rotation. 

tron oscillator. A double atub tuner matched The receiving antenna consiated of a haif- 



Fict.ua «. Amplifier for are with bolometer. 


the line to the oscillator. Part of the oscillator wave dipole at the focus of a 120-cm parabolic 
output was fed to a crystal detector circuit reflector and placed at a dlatance of about 130* 
which wna part of the modulation monitor unit, from the tranamitter to Inaure far-iot condi- 
The relative output of the oscillator could be tiona. The received signal waa detected by a 
checked by the detector current as read on bolometer consiating of a 10-ma Littiefuse In- 
a meter or by the deflection on the screen of serted in the coaxial fitting* of the paraboloid, 
a cathode-ray oscilloscope. The output of the bolometer was amplified 

The operating wavelength of the klyatron (Figure 6) and the ampilflar output was read 
oscillator'was 10 cm while the square wave on a d-c mllfiammeter or was recorded on an 
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external automatic recorder. The readings 
were directly proportional to the square of the 
electric field. 

SUREACK-C URSENT MEASUREMENTS 

In securing aurtace current measurements it 
is of primary importance that the indicating 
Instrument response be determined by the cur¬ 
rents flowing In the small area of the surface 
surrounding the point Investigated. A small 
loop placed in a plane perpendicular to the 
aurface being excited aatiafled this require¬ 
ment. At S-band frequenciea, a loop area of 
from 1 to 2 aq cm gave good localization of 
response with sufficient sensitivity to permit 
measurement of very weak currents. 

The detecting element was a crystal. The 
square-wave modulation of the klystron (type 
410R at 80-100 watts input) made it possible 
to amplify the detector output. 

The Anal report gives the results of n great 
many tests and Includes surface current dia¬ 
grams. 

'**• Impedance Measurements 

Delays in procuring a P47 plane limited the 
impedance measurements planned to actual 
v-h-f band data on U-l and B-2 antennas on 
flat sheets. Since measurements on a scaled- 
down model of the antennas at S-band fre¬ 
quencies were seen to Involve many difficulties, 
investigations along thrse lines were under¬ 
taken imly aa a sideline. Th; results of the 
measurements made are contained in the final 
report' which aleo contains the theoretical an¬ 
alyses necessary for proper evaluation of the 
work accomplished. 

»«.« CONCLUSIONS 

Although the planned work was not com¬ 
plet'd, due to Uie termination of the contract 
at the end of the war, certain conclusions were 
rescued. One of the moat striking results of 
the surface current investigation Is that, at 
v-h-f frequencies, skin antennas usually excite 
the plane as a whole. Thus the behavior of 


auch antennas ia dependent on the general 
shape of the aircraft. A single antenna located 
properly on the side of the fuselage may be 
able to so excite the plane itself as to give 
360° coverage with no serious nulls. Also there 
may be a large horizontally polarized field from 
an sntenna that, judging from the result on a 
flat sheet, should give only vertical polarization. 

On the other hand the interpretation of the 
surface-current patterns given In the final re¬ 
port' is seriously limited by a lack of knowl¬ 
edge of phase relationships. Further research 
on surface currents ahould include the mea¬ 
surement of relative phase along with mea¬ 
surement of direction and magnitude of cur¬ 
rent 

Slot-antenna studies were very largely con¬ 
ventional. The bar antennas, however, repre¬ 
sent a significant departure from other skin 
antennas. Their importance lies not only In 
their merits as possible antenna* but also in 
the fact that they emphasize the significance of 
current on the plane itself. With this view¬ 
point In mind, many other novel waya of ex¬ 
citing a plane at v-h-f should result from fur¬ 
ther research. Such research should lead to 
antennas capable of satisfying a great variety 
of requirements. 

The B-l and B-2 bar antennas differ de¬ 
cidedly In their behavior from that of a dipole 
mounted at the same distance (0.02 a) fcom a 
fiat aheet. The difference expresses itself in * 
greater extent of surface current excitation, a 
narrower beam width, and greater efficiency. 

Impedance measurements of the bar anten¬ 
nae were made only In the v-h-f band and at 
full scale where the phase-reversing sleeves 
were very much smaller in diameter relative 
to the wavelength and the distance of the bar 
from the sheet than they were in the 10-cm 
models. Here the band width for a 2:1 stand¬ 
ing wave ratio was about 0.8 per cent. Thus 
the bar with phase reversing sleeves of very 
small diameter ia serviceable as it stands at 
one frequency only. If the reversing stubs are 
tuned by remote control, a very brood band is 
possible. 

The fact that a plane may be excited aa a 
whole by a bar antenna or other device makes 
It seem likely that its impedance is changed 
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considerably from that a* measured on a flat 
sheet. To Investigate thia effect a full-scale 
plane mounted on a platform so that it is suf¬ 
ficiently decoupled from its ground image, or 
a careful scaling down of the plane, the exciting 
antenna, and the antenna feed systems, la neces¬ 
sary. 

One of the conclusions that was drawn from 
the measurement of surface currents on the 
model plane was not only that currents may be 
large over the entire plane, but that currents 
remote from the antenna may be of primary 
importance in determining the field. Hence 


the shape of the plane may. at v-h-f frequen¬ 
cies, materially affect rhe impedance at the ter¬ 
minals of the exciting antenna. 

In the appendices of the final report' will 
be found certain analytical studies useful to 
any work in thia field. Theae subjects include 
"Surface current distributions that produce 
circular horizontal polarization ’; "Broad-band 
characteristics of a dipole using a series trans¬ 
former as a matching aection": “On the proper 
spacing of insulating beads”; and “A conver¬ 
sion chart for impedance measurement using 
transmission line.” 
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Chapter 20 

MISCELLANEOUS ANTENNA RESEARCH 


LOCATION OF ANTENNA FOR 
AN ap:m ALTIMETER ON 
NAVAL AIRCRAFT 

T mu f(u)jECT WAS Ml up to aludy the problem 
of locating M-lype »lot anlenna* for mini¬ 
mum feed-through on Navy type P4M aircraft.* 
The atudy Indicated thal the aloU ahould be 
located on tha opposite aide* of Ihe horizontal 
stabilizer underilurface and that f«r absolute 
minimum feed-through the alota would have to 
be approximately perpendicular to each other, 
thus aerioualy affecting the operation of the 
altimeter. 


•a- 1 - 1 Introduction 

Since the AN/APN-1 altimetor opcrale. in 
the region 420 to 480 me. It was decided to use 
a 1/7 acale-dowi^ In coua.ructing a model P4M 
Jel-aaslst bomber tall aeclion and to employ a 
frequency of 3.080 me. The plan was to mea¬ 
sure the surface current dial ribul ion on the hori¬ 
zontal stabilizer surface and on the surface of 
Ihe fuselage in the vicinity of the stabilizer for 
a wide variety of pmitiona of the transmitter 
H slot. These measurements were to determine 
lines of flow and contours of constant surface- 
current amplitude. Then for each position of 
Ihe transmilting slot, positions for the receiv¬ 
ing aiot would be chosen: 

1. Only in regions permitted by the internal 
structure of the plane. 

2. So thal the angle formed by the lines of 
orientation of (he transmitting and receiving 
siots wouid not exceed 45 . 

3. At positions of minimum surface-currenl 
amplitude. 

4. So thal (he receiving slot would be 
orienled parallel to tile linos of surface-currenl 
flow ;n its vicinity. 

• Project 13-11(1, l'rohlem No. 7, Contract OEMar- 
140, Harvard Urii'inlty. Originally project 13-113. 


Condiliona (1) and (2) constitute Hmilationa 
imposed by the practical location of the alols 
and acceptable altimeter performance. Condi¬ 
tion (8) and (4) constitute limitation on the 
location of slot* for minimum feed-1 hrough 
caused by surface-current coupling. 


n.t.1 Laboratory Technique 

To obtain accurate measurements of feed¬ 
through It was necesaary lo minimize direct re¬ 
flection of energy from one antenna lo Ihe 
other. This made it desirable to aimulnle flight 
conditions by mounling Ihe model on a platform 
far from ground and upside down so that the 
H slots would be directed skyward. Difficulties 
in getting the platform delayed lhia part of the 
•tudy until near Ihe lime Ihe experimental 
work was terminated. 

Concurrent wllh surface-current measure- 
menli. attempts were made lo determine a 
saliafactory melhod of ring absolute 

feed’through. The problenu of establishing a 
proper reference levei, of matching, and of cable 
losaes all had to be solved before the actual 
feed-1 hrough data could be collected. 

As a hral atep In thia direction a flat metai 
sheet was construcled so lhat it could be driven 
by a waveguide aiot. Hoiea were cut In the 
•beet at positions of different current ampli¬ 
tude. A rotatable H-alot mounting disk Was de- 
•igned and constructed so thal when located in 
any one of the hoiea it could be routed con¬ 
tinuously through 860° and cUmped in any 
desired poeilion. With this setup an Investiga¬ 
tion was made as to the correlation between 
feed-through and (1) surface-current ampli- 
lude al the receiving H-slot position and (2) 
the angie between H-slot direction and line* of 
surface-current flow in the vicinity of the siol. 
The results obUined an of value In estimating 
the extenl to which the feed-through is mini¬ 
mized by locating a receiving H slot according 
to condition* (3) and (4) above. 
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** 1,1 Conclusion* 

Tbe Anal report' gives a description of the 
experimental equipment employed and the re- 
*ulta of the meiimiranenta to the end of the 
contract. Work of a somewhat more general 
nature la continuing under a contract with the 
Office of Naval Research. 

The conclusions cited below are tentative. 

Surface-current coupling between transmit¬ 
ting and receiving antennaa can be minimized 
by choosing the slot positions in such a way 
that the receiving slot Is located in * region of 
minimum surface-current amplitude and orient¬ 
ing the receiving slot so that it la parallel to the 
lines of surface-current flow in its vicinity. 

Measurements made indicate that minimum 
feed-through values of between 70 and 80 db 
down may be reasonable and that values be¬ 
tween 90 and 100 db down may not be beyond 
the realm of possibility. 

It may be necessary to orient the slots at an 
angle with respect to the line of flight, Surface 
currents are smaller on the stabilizer surface 
opposite to the aide on which the transmitting 
slot is located and less than on the bottom sur¬ 
face of the fuselage section adjacent to the hori¬ 
zontal stabilizer. 

To achieve best Anal reaulta in locating the 
siota, the measurement technique may have to 
be carried out on a fuii-scaie mock-up of the 
tail assembly mounted at a sufficient height 
above ground so that the prezence of the ob¬ 
server and observing equipment may be less¬ 
ened in its power to affeci the measurements. 

STUDY OF PROBLEMS ARISING 

FROM CLOSELY GROUPED ANTENNAS 

* JI Introduction 

Experience in the theaters has indicated that 
the first practical step In minimizing the sever¬ 
ity of local radio interference In a headquarters 
area is to establish separate sites for groups of 
transmitting and receiving antennas. The prin¬ 
cipal purpose of the survey conducted under 
Project 13-103“ was to determine the minimum 

11 Project 13-108, Contract No, OKM»--1412, Western 
Electric Co. 


required separation between such transmitting 
and antenna “parks," and between individual 
antennas within an antenna park. This sepa¬ 
ration is iargeiy a function of certain spurious 
interference-producing properties of existing 
military radio sets, snd on the coupling between 
various antenna types over different types of 
soil. Some data on apurious radiations and 
responses of radio sets were obtained in eariler 
work under Project C-79' (Contract OEMsr- 
1018), and these were supplemented by addi¬ 
tional measurements on a number of sets. Be¬ 
cause of the theater needs, this information on 
set characteristics was incorporated as part of 
War Department publication TM 11--J86* pre¬ 
pared by the contractor prior to publication of 
the final report on Project 13-103. 


“** Results of llir Survey 

The final report’ on the project contains 
information for estimating the required sepa¬ 
ration between transmitting and receiving an¬ 
tenna parks for both h-f and v-h-f tactical radio 
circuits, separations which should exist between 
individual antennas in an antenna park, and 
the relative advantages of the several methods 
of connecting severs! receivers to a single 
antenna. 

Considerable information is given on trans- 
mitter-to-recoiver interference as a result of 
spurious radiation at harmonics of the master 
oscillator, spurious outputs caused hy interfer¬ 
ence between transmitters, effect of radiation 
from receivers, and spurioua responses of 
superheterodyne types of receivers, with curves 
und charts enabling one to predict where such 
undesired receiver responses will occur In fre¬ 
quency. 

Separation between transmitting and receiv¬ 
ing antennas is considered from several angles 
and data given in tables and charts taking into 
account the types of antennas employed, the 
ground characteristics, the weakest usable sig¬ 
nals, and the tolerable r-f interference-to-signai 
ratios. 

Suggested layouts nf h-f sky-wave transmit¬ 
ting or receiving antenna parks are given based 
on (1) assigned frequencies being divided into 
groups in auch a way that the frequencies of 
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any pair within the group are not less than 10 
per cent apart in frequency. (2) half-wave an- 
tennai for the frequencies within a group belnit 
placed parallel to each other and about 8 ft 
apart, and (3) antenna group* being located 
about 250 ft apart. , „ , . 

Similar layout* are given In the .nal report 

when other type* of transmission are utilised, 
ground wave signal*, for example, for other 
types of antennas, etc. 

Considerable data are given on the mutual 
impedance between coupled antenna* over an 
imperfectly conducting earth, and on poaaible 
methoda of connecting levcral receiving an- 
tenn u to a common antenna. 

so* STUDY OF 1MI*R0\ISKI> V-H F 
ANTKNNAS 


sisted of two conductors formed by field wire 
spaced about 2 in. apart while the quarter-wave 

matching «cHo» *• «** " ,th ' l™’ 

listed of auitable lengths of paired W-HO-B 
wire. With such a line 100 ft long, the power 
radiated from a transmitter was only a few db 
less than It would have been with a flexible 
cmlxUI cable. The .ctii.l Ices were 2 to 4 db 
greater at SO to 40 ntc and S to 6 db greater at 
70 to 100 me. 4® the I™ wet th«e valnea 
were increased an additional 1 to 3 db. These 
In acs were relatively unimportant when receiv¬ 
ing unlesa the signals were marginal. 

I»*a characteristics, figures illustrating an¬ 
tennas hung from trees, etc., will be found In 
the contractor’s final report. 

m t IHSnUISED ANTKNNAS 


Reports from combat areas indicated that 
diiwlr antennas made from ordinary field wire 
nnd ueing pnlrnl Bold wire (or (•«! «»«”«*• 
be used when standard antennas and feed lines 
were not available. The purpose of this project' 
waa to evaluate the losses in auch systems ana 
to suggest effective arrangements whieh could 
readilv be improvised from available materials. 


The type of wire in common theater use con¬ 
sisted largely of ordinary field wire (W-110-B), 
long-range tactical wire (W-143) and * pir *',' 
four cable (WC-648). Measurements indicated 
that the losses In these wires would attain 
values as high as 10 to 25 db or more per 100 ft 
at 100 me. At 30 me. ordinary field wire wnen 
wet had losses as high as 15 db per 100 ft. 

The high losses of ordinary wire used ta a 
transmission line indicated the use of spaced 
leads for the feed line. An Improvised antenna 
consisting of a half-wave dipole and a spaced 
line with a qumrter-wave matching section at 
each end operated satisfactorily. The line con- 

«■ Project 18-10*. Contract OEMsr-1411. Western 
Electric Co. 


The problem 1 was to design an antenna that 
would not project into the air. revealing the 
presence of the radio aet to which it was con¬ 
nected. The research was confined to the por¬ 
table radio set SCR-300 which ^ordinarily 
used with one of two antennas, one being 10 ft 
8 in. long, the other being 33 in. long with a 
parallel loading circuit grounded to the case ot 

'^The tests were made largely in the field one 
pack aet using the Improved antenna and the 
other the standard 33-in. antenna. The testing 
procedure consisted in comparing the impro¬ 
vised antenna with the standard collector under 
the ume condition*. 

•0.4.1 Results of Field Tests 

The moat promising disguised antenna tested 
was that employing helmet and counterpoise. 
A ahort length of wire connected the helmet to 
the parallel matching section. Another w-«. 
connected to the ground terminal of the pack 

set and serving a. counterpoise, extended 

almost to the ground The latter could probably 

• Project 18.110, Problem No. 10. Contract OEMsr- 
1411. Harvard UnK-cisity. 
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l* sewed into the trouser leg. Good signal 
stm.gth and intelligibility «u possible over 
ranges of 1 to 3 miles. If the operator's head 
waa le»" "han 13 in. above the ground the maxi¬ 
mum range was about one mile. 

Another promising arrangement was to uae 
the park aet Itself as antenna and to drive it 


against the ground or the operator's body. An 
L-type matching section waa required. Tht 
range waa about the lame as that described 
above. 

Tests in which the antenna wife waa aewed 
into the clothing were not so euccesaful as the 
other schemes devised. 
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Adcock antenna systems 
accurate beartnys, 9-10 
amplitude-comparison method, St- 
12 

edmparuon between differentially 
connected screen arraya ami 
II Adiocka, B»1<0 


dtrect-readiny eyatem, 10-12 
dlsadvantaye, 116 
elevated-counterpoise, 101 -104 
ye natation of purs fields, 38 
history. 2. 24 

Holmdel Adcock ay"tem, 101-104 
measurement of azimuthal an- 
idea, 133 

polarization error meaauremvnt, 
#9-71 

rotatable bn'vtfd H eninnnn 
typical calculation, 34-36 
shielded-If, 100-101 
"awinylny" bearing*, 107-108 
Air diay, aircraft antennaa, 2*3- 
260 

dray reduction maana, 264-206 
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form dray, 263-264 
frictional dray, 263 
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measurement of di ay, "04 
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122-113 

Aircraft antenna dealyn 
air dray, 263-266 
antenna patterns at various fre¬ 
quencies, 204 

balanced antennaa, 2' 0-211 
electrically rbo.-t . ish.rnlttlny 
antencar, fJI-JT-2 
elliptical!. poliiized lielda, 211 
field patterns, 228-288 
horizontal polarization, 248-26* 
Impedance measurements, 222- 
223 

measurement methods for pat¬ 
terns, 207-210 
models, 203, 211-218 
patterns for u-h.f and v-h-f, 210- 
266 

power capacity. 261 262 
propeller modulation, 211 


radiation chararterltt >• 

226 

raceivicy antenna. 222-224 
rssonant , Inea, 220 

apaelnjr, 4, 276-276 
SW R effect on line volteyr, 220 
transmission line buses, 220-221 
tnummittlny antenna character. 

iatlra. 221-222 
typical patterns, 204-207 
“uniform” horlznntal plane pat- 
terna, 249-262 

vertical polarisation, 238 248 
Aircraft antenna type* 
are ofao Direction Anders 
broad band. 239 244 
faired-In (or naval aircraft. 287- 
273 

flah-hook, 264 

for h"rt*v>tet polaH»*t1nn, 249- 

264 

(or "uniform" horizontal plane 
patterna, 240-262 
for vectii-ol polarization, 238-248 
laas-than-quarter-wav.-lanyth, 247 

►tinyerce, 266-286 
surface antennaa, £66-261 
traillny-wlre, 266 
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loeatlnn, 274-276 
Amplldyna aervo system, 97 
Amplltuda-enmp.risre method of 
di rectlon Andlny, S, 0-18 
Adcock anlanna. 0-12 
croaasd hurled L' antenna systrm, 
12-16 

loop nnU-nnj, 9 

Anomalous affects In radio pi ope 
yatlon at hiyh frequencies. 
22T 

Antenna location fur AN/APN-1 
altimeter. 274-278 
Artenns patterns, reciprocity thro- 
lem. 217-21* 

Antenna pattm ns for aircraft 
are Aircraft itenna dealyn; 
r'ield patterns of aircraft 
antenna* 

Antenna spar In*. 4, 276-278 


Antenna transformers and burled 
conducturs, 12-14 
Antennas, Adcock 
are Adcock antenna systems 
Antennas, aircraft 
err Aircraft antenna dealyn; Air¬ 
craft antenna types 
Antennas, broadaldo caya Musa, 6 
Antennas, crossed burled li sys¬ 
tem, 1216 

Antennas, dlsyulsed, 276-277 
Antennas, Improvised 

are Improvised direction Anile'S 
Antennas, rotate,bis balanced If an¬ 
tenna. 34-35 
Antennas, tank, 213-216 

see U-h-f direction flndiny 
Arrays 

balanced-to-unbalanced trans¬ 
formers, 90-92 

comparl-xm between V and flat 
arrays, H7.8H 
flat array, 79-86 
indicators, 20-87 
switches, K',86 
VI array, 60-77 
V 2 array, 77-80 

Assault beacon, Britiah, lbO-lfll, 
163, 167-16# 

Assault besron, portable radio 
err Portable radio assault beacon 
Assault bearer, British, 163 
Azimuth anyle determination of 
incomlny wave, 133-134 

Balanced-to-unhalanced transform- 
era, V and flat arrays, 84, 90- 

02 

Beacon, portable radio assault 
»»e Portable radio assault bra.on 
Ball Telephone Laboratories 
see BTL hlyh-frequency direc¬ 
tion indcr* 

British assault beacon, 160-161. 
163 lr-7-16# 

Broad-hsi.d antennas f- - alrc-aft. 

m-m 

fan antennas, 212-243 
lnveried-t, antennn, 'i4.i-24e 
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U-h-f ci.no type, 239,240 
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Broad aide cag* Musa system, 6 

Brown'* antenna. 862 

BTt, high-frequency direction find- 


background material, 1 
rnncluiiioni, 16 
cro**ed burled U anten 
1216 


d-f .y.tem, 17-20 
phase-companion method, 3-B 
r»n*o exten.il>*, 20.21 
receiver .pacification*, 16-17 
Signal Corp# adapUtion, 20 
teit. on complete aystem, IP-16 
wave ermr, 21 


Burled cs 1 ' 1 **, required denth 61 
Buried U direction finder* 
nee Croeied burled U antenna 
.y.tem 


Capacitive *onioroetcr for u-h-f d-f 
antenna, 17.1-175 
Carter antenna, 26(1.260 
Tathode-ray liidleatlon and auto¬ 
matic control, WV-BW 
amplidyne »«rvo ey.tem, 97 
CR tube, 97, t*t> 
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L-R Indicator meter, 07 
rreletor, 97 

Circular array, pbuse comparison 
method, 6-6 

Circular polarisation, fish-hook air¬ 
craft antenna, 254 
Collin* Radio Company, 42, 43 
Collector parallax, 43 
Compensated- loop direction finder, 

Corner-type reflector*, ehieldin* 
propertle*. 129-136 
Counterpoise te*t>, 101-104 
CR tube, 97, 99 

Crossed buried U antenna .y.tem, 
12-16 

antenna tran»formcn and buried 
conductor*, 12-14 
bearinK error. 14 
bruad-band balanced- to-unbal¬ 
anced Iran.former., 14 
construction detail., 13-14 
frequency chai acterl.tle., 11 
injection-*i(tual ay*tem receiving 
arrangements, 14-16 

36-39 

Cylindrical dipole mpedance be 
fore reflector, 94-97 
CXK direction finder, 3, 6 


DAB maced-loop direction finder 
calibration, 180 

d-f error measurements, 119-121 
Demountable short-wave direction 
finder, 136-147 
antenna ayatem, 139-139 
calibration, 144-146 
characterlatlc. and advantage*, 
136-1S7 

choice of cite, 143 
dcacriptfon of equipment, 137 
goniometer drive unit) 141 
Indicator!, 139. 142-141; 
interpretation of (.atterna, 145- 
147 

operation, 137-143 
remote indicator assembly, 142- 
143 

SCR-60? d-f ayatam, «36 
M n*e circuit, 139-141 
syncbronlxatlon .y.tem, 141-113 
wave collector., 139 139 
Differentially connected screen ar¬ 
ray* end H Adcock., com¬ 
parison, 88 90 

Dipole dimen.Iona and impedance 
characun.tr., 62-64 
de.igr of corner array, 63 
dipole limlUtions, 63-64 
Impedance con.lderattons, 64 
eta tenant of problem, 68-63 
Dipole .paring for flat array, 92-83 
Dlpolua, her lion Ui electrle and 
matnetie, 40-42 

Dipole*, vcrtlcnl electric and «af 
netlc, 40-48 
Direction finder* 
ttf alto Adcock antenna aystem*; 

BTL high-frequency ayatema, 3- 
81 

buried U, polari.atlon error*, 36- 
39 

CXK, 3, 6 

DAB *paced-loop, 119-121 
demountable short-wane, 136-147 
Improvised, 148-169, 276-277 
loop. 114-118 

NBS high-frequency *y*tem, 22 
64, 68-72 

r*dio-*onde (u-h-f), 127-136 
routable balanced H antenna, 84- 
36 

spaced-antenna. 84 
V-l array, 76-77 
Direction find in*, u-h-f 
■cr U-h-f direction fln.lln* 
Direction-finder error* 

«ee Error* In direction finder* 


Direction-finder evaluator electrl- 

ul 

are Electrical direct on-flnder 

Direction-finder survey for aircraft, 
122-183 

Dlrectlon-flndln* method, 
amplitude (<mparl*on, S 
phaaa compari.on, 3 
Direct-readin* .ysteni with croitcd 
Adcock anten'ia., 10-12 
Disguised antennas, 870-277 
Double wire antenna mrthod, 163- 
166 

Downcoroic.f sky wave., polariia- 
tlon error* 

see Polariution error* for down- 
tomlng sky wave* 

Electrical circuit for u-Vf direction 
finder*, 178-182 
band 1 wave col'cctnr, 178 
band 11 wav a collector, 190-18! 

*on lomcter, 179-181 
indicator unit, 181 ‘92 
recelrin* untt, 12, 

Electrical direction-finder evalu*. 
tor, 190-194 

basic principle and mechanism., 
192-193 

data obtainin' operation, t94 
description, ’»0 
d-f biarlny l.ipu*-, 194 
geometric evaluation, IDI 
gnomonlc el.art distortion cor- 
recllon, 193 

group d-f system of evaluation, 
191 

pantograph., 193 
visual d-f evaluation, 190 
F.'c trical alemonla for flat array 
*cc Flat array, electrical eleroen'-a 
Electrically .hort anienna. for air¬ 
craft, 221-222 

ration an*lv determination of 
Incomln* wave, 193-134 
Elevation angle. mcaiured by di¬ 
pole antenna, 136 
Error, in direction finder*, 100-121 
correlated with lono*ph#re meas¬ 
urement., 119-121 
counterpoise test., 701-103 
around eharacteretlc* .tody, 
112-114 

loop direction-finder an ora, 144- 
118 

polarlscope, 107-112 
polanxat'on error*, IM-lOi 
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shielded-U Adcock direction 
finder crrori, 100-101 
Wave interference error*, MO- 
118 

Eirors in direction finder*, meas¬ 
urement technique*, 10I-1H7 
■er alto Polarisation error, 

frequenoea, 105 
local ignal aourre*. 106 
output-ratio method. 106 
purili of transmitter poieria*- 

tion, 106 
signal Reid, IC5 
signal aource, 10fl 
elte aelactlon, 107 
teat aource supported from *:r, 
107 

typea of .-rora, 104 
unwanted *ml»aion, 10« 

Evaluator, direction-tinder 
tec Electrical direction-finder 
evaluator 

Fading affertc, 20-61 
bearing error, 26-27 

Hiatrlbution law, 26-27 
improvement! pro posed, 27 
ph.ae Interference, 2(1 
Fa i red-in antennae for naval elr- 
eraft, 267-273 
bar antennaa, 208-261' 
concli nlona. 272-273 
current exritlng devicea, 267-271 
measurement methoda, 270-272 
slot antennaa, 267, 270 
Fan antennaa for aircraft, broad 
bend, 242-243 

Field intenalty meter, 44-45 
Field pattern! of aircraft antenna*, 
228-278 

■ baolute vs. reli tive field itrength 
pattern*, ?3 1 

com pari a on wllh ideal antenna 
pattern, 233-234 
cor.cluilon, 23B 
rrota-polarlaatlon, 238 
data presentation, 231 
effect of nur-by alrueture, 238 
flight measurement!, 226-2.9 
model measurements, '229 
pattern caleulalion, 229 
polarisation defined, 230-2.11 
vertical antennaa, 234-2.18 
Fish-hook antenna for circular 
po1ari*atinn (aircralt), 261 
Fined nultiple antenna system! 
(or improvised d-f, 162-166 
double wire lyitem, 163-166 
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fadlnic slicnal, 163 
failure aymptomi, 162 
receiving iite, 162 
Flat array, 90-86 
operation theory, 79-81 
phya.eal arrangement. 81-82 
Flit *rriy, duccncnl element* 
amplitude ratio, 82 
bal* need-tr-unbelanced trana- 
former, 84 

dipole sparing. 82-67 
pain of array, 86 
impeda nee characteristic*, 86 
polariaation error*. *6 
reflector dimenalona, 84 
relative re*pon*e In aatmuth, 84 
apurioue re*pon*e lobe*, 82 
1ranami**ion Ilna*. 83-84 
Kree-snace p«Um for »yatem* u«- 
ing rcflcctora, 71-72 
Fresnel equation*. 27-16 
Fresnel pl*nc wev» reflection eo- 
efficient, 74 

Friendly aircraft lorotor. u-h-f 
ace t'-h-f frlandly aircraft Inca- 


(lain control by injection algnal, 
14-16 

Goniometer for u-h-f direction find¬ 
er., 173-176. 17*181 
Ground characteristic* for d-f In¬ 
stallation., 112-114 
antennea and tranamiaalon line*, 
113-114 

audio-frequency method*, 114 
l-ridgo circuit measurement, 113 
ri Iotanc* «a e fnnrtlon of depth, 

r-f measurement*, 11.1 
*oila a* dlcleetrle*. 113 
Ir .tmeit recomminded, 114 
Wenner uiih-Rooney method, 114 
Ground ccnr.tenU, me»aurement, 
51-64, 92-94 

Ground reflection, clferl on total 
field, 27-31 
aquation*, 27-31 
magnetic field component!, 31 
optimum height for antenna aya- 
tem, 3t 

total field componente, relillve 
values, 30 

total he'd Intensity, 80-31 

H Adcock ■ ntenna 

■ee Adcock antenna ayatemJ 
Height of V-1 army. 74-76 

electromagnetic wave propaga¬ 
tion, 74 
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Freand plane wave reflection co¬ 
efficient, 74-75 
interference phenomena, 74 
High-frequency direction finding 
rac c/ao BTL high-frequency di¬ 
rection finder*; NBS higli- 
frtqucncy direction finder* 
radio pulse propagation, 56-68 
ull ra -high frequeni'y, 59-99 
Holmdel 

antenna location, 15-18 
counterpoise toata 101-104 
Musa receiving equipment, 6, 66, 

112-113 

polarisation error, 101-10-1 
teats on horizon tally pula' lied 
waves, 16 

Horizontal electric and magnetic 
dipoles, 40-42 

Horizontal polarization, aircraft 
antennen, 248-264 
broad-hand balance transform 
era, 249 

Brown'* antenna, 262 
ituah-mounted antennaa, 264 
X/2 dipble tvpe antennaa, 262-263 
multiple enwnnaa, 264 
polypha«e antennaa, 26-1-2*4 
••uniform" horiaonul plane pat 
tarn, 249 262 
wire dipole., 263 

Impedance characteristics for V I 
array, 62-84 

Impedance of cylindrical dipole If- 
fore reflector. 94-97 
Impedance meeauriment* of in- 
tennaa by mean* of mod. is, 
216 217 

Improvised direction finders, 148- 
159 , 276-277 

entenna selection, 148, 278-277 
experimental work, 148-156 
fixed multiple antenna ayatemi, 
152-166 

general operating notei, 165 
loop antenna, 141-16! 
low horiaonul wires *■ dlrac 
tlonal antennaa, 161 
possible refinement!, 156 
■upplementary testa, 166 
teat procedure for ■ ntenna 
aril ernes, 148 

theoretical development, 156-159 
walked wire., 151-152 
Incoming wxvi, elevation ingle de- 
term. nation, 133-134 
Indicator for u-l>-f direction find¬ 
ers, 181-182 

Indicator) for V and flat arrays. 
86-87 
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ten.t. 21*.216 
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equations, 32-33 
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Interservlesr Red jo Propex.tion 
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Axed.type direction Under., S3 
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locel tren.mltter measurement 


' tion with d-f errorr 119121 
■orel absorption «>n InSuenc* 
on bearing eceureey. 120 
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Lesii-thnt-qJerter-w.selenfth nlr- 

creft antennae, 219 
ben^ h.lf-folded-dipole entenne, 
247 

dielectric entenne, 247 
helicel entenne, 247 
Invertod-L entenne, 247 
Undenbled's entennee, 268-250 
broed-bend elot enUnne, 268-259 
doulile-elot entennu, 268 
Lobe intersection determlnellon, 
V errey, 66-66 

Locel tren.mltter me.au remente 
generation of pure field., 38-39 
method., 38 
Loop entenn.e 

e. amplitude, eom perl eon type, 9 
for improviiad direction finding, 
148-161 
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pattern, 262 

Loop direction finder, error., 114- 
118 

enmpeneetod-loop direction find¬ 
er, 116-118 

conclusion., 118 
coupllnf network. 117-118 
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polarization error#, 115 
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Nivel eircreft, feired-in entennee 
.re Felred-in antennas for nevel 
aircraft 

N»vy'» CXK direction finder, 3, 5 
NBS high-frequeney direction flnd- 
*2.64, 68-74 

experimenteT'terhnique, 44-49 
fading effect., *6-31 
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objective# 2* 

polerlutlon error, measurement, 
36-44. fk-74 

polerie.tion error., analysis, *2- 


Pattern interpretetion, demount 
eliIt short-wav* d-f, 145-147 
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Field petterne of eircreft 
antennee 

, pheee-eomperieon method of direc¬ 
tion finding. 3-9 
circular errey of entannee, 641 
components. 4-6 
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Interaction effect., 6-8 
phase difference, equation, 4 
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pickup factor#, definition, 36 
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tetion error., 72-74 
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objection#, 12-7* 
operation, 72 
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fading effect., 23-31 
ground reflection, 27-31 
hl.tcrlcel development, *4 
netuiv of dowucoming wnvee, 
24-26 

pickup factor, 23 
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